WATERBORNE ENTERIC VIRUSES AND COLIPHAGES - OCCURRENCE, SURVIVAL AND RISKS IN TROPICAL SURFACE WATERS by GENEVIEVE GABRIELLE ROSE VERGARA POBLETE
  
WATERBORNE ENTERIC VIRUSES AND COLIPHAGES - 








GENEVIEVE GABRIELLE ROSE VERGARA POBLETE 






A THESIS SUBMITTED 
 
FOR THE DEGREE OF DOCTOR OF PHILISOPHY 
DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE 
 
2015
  i 
DECLARATION 
I hereby declare that this thesis is my original work and that I have written it in its 
entirety. I have duly acknowledged all the sources of information, which have been used in 
this thesis. This thesis has also not been submitted for any degree in any university 
previously. 
 
Genevieve Gabrielle Rose Vergara Poblete 
 
30 July 2015 
 
 
  ii 
ACKNOWLEDGEMENTS 
I would like to express my deepest gratitude to Professor Karina Gin, for giving me 
this opportunity despite my background, for the untiring support, guidance, kindness, patience 
and understanding throughout this journey.  
I would also like to express my sincerest thanks to Professor Mark Sobsey and 
Professor Joan Rose, and to past and present colleagues, especially Masaaki, Shin Giek, 
Saeid, Anuja, Yvonne, Liang, Jessica, Didi, Allison, Tina and Justin. 
I want to thank my family for their unconditional love and support, especially my 
mom, to whom I dedicate this dissertation, and my loving husband, for being my solid rock, 
thank you for your unwavering confidence in me. 






  iii 
TABLE OF CONTENTS 
 
DECLARATION ......................................................................................................... i 
ACKNOWLEDGEMENTS ......................................................................................... ii 
TABLE OF CONTENTS ........................................................................................... iii 
SUMMARY .............................................................................................................. vii 
LIST OF PUBLICATIONS ........................................................................................ xi 
LIST OF TABLES ................................................................................................... xii 
LIST OF FIGURES ................................................................................................. xiv 
LIST OF ABBREVIATIONS ................................................................................. xviii 
1 INTRODUCTION ................................................................................................. 1 
1.1 Enteric viruses and their impact on public health ................................................... 1 
1.2 Current practices in water quality assessment ........................................................ 3 
1.3 Summary of introduction and statement of hypothesis .......................................... 9 
1.4 Research questions, objectives, and scope .............................................................. 10 
1.5 Thesis outline ............................................................................................................ 11 
2 LITERATURE REVIEW ..................................................................................... 13 
2.1 Enteric viruses and coliphages included in this study ........................................... 13 
2.1.1 Astroviruses ......................................................................................................... 16 
2.1.2 Adenoviruses ........................................................................................................ 16 
2.1.3 Noroviruses .......................................................................................................... 17 
2.1.4 Rotaviruses .......................................................................................................... 17 
2.1.5 Coliphages ........................................................................................................... 18 
2.2 Occurrence of waterborne enteric viruses ............................................................. 20 
  iv 
2.2.1 Enteric viruses in various water matrices and environmental conditions ........... 20 
2.2.2 Enteric viruses in sewage .................................................................................... 32 
2.3 Risk assessment ......................................................................................................... 38 
2.4 Associations between viruses, indicators and environmental parameters .......... 46 
2.4.1 Statistical correlation .......................................................................................... 46 
2.4.2 Multiple regression models ................................................................................. 54 
2.5 Factors controlling the survival of viruses in water .............................................. 60 
2.5.1 Temperature ........................................................................................................ 61 
2.5.2 UV radiation ........................................................................................................ 62 
2.5.3 Indigenous microbes ............................................................................................ 64 
2.6 Summary of literature review.................................................................................. 77 
3 OCCURRENCE OF ENTERIC VIRUSES IN TROPICAL SURFACE WATERS 80 
3.1 Introduction .............................................................................................................. 80 
3.2 Methods ..................................................................................................................... 82 
3.2.1 Collection of monthly samples ............................................................................. 82 
3.2.2 Processing of water samples ............................................................................... 82 
3.2.3 Detection of enteric viruses ................................................................................. 83 
3.2.4 Data analysis ....................................................................................................... 87 
3.3 Results ........................................................................................................................ 87 
3.3.1 Occurrence of enteric viruses .............................................................................. 87 
3.3.2 Spatial variation .................................................................................................. 93 
3.3.3 Seasonal variation ............................................................................................... 96 
3.4 Discussions ............................................................................................................... 102 
3.5 Conclusions ............................................................................................................. 109 
4 RISKS ASSOCIATED WITH ENTERIC VIRUSES IN RECREATIONAL 
WATERS ............................................................................................................... 111 
4.1 Introduction ............................................................................................................ 111 
  v 
4.2 Methods ................................................................................................................... 114 
4.2.1 Collection of diel samples .................................................................................. 114 
4.2.2 Processing of water samples and detection of enteric viruses .......................... 114 
4.2.3 Risk Assessment ................................................................................................. 115 
4.3 Results ...................................................................................................................... 117 
4.3.1 Occurrence of enteric viruses ............................................................................ 117 
4.3.2 Diurnal variation ............................................................................................... 120 
4.3.3 Fitted distribution .............................................................................................. 122 
4.3.4 Probability of illness .......................................................................................... 127 
4.4 Discussions ............................................................................................................... 135 
4.5 Conclusions ............................................................................................................. 141 
5 COLIPHAGES AS ALTERNATIVE WATER QUALITY INDICATORS ............ 143 
5.1 Introduction ............................................................................................................ 143 
5.2 Methods ................................................................................................................... 146 
5.2.1 Collection and processing of water samples ..................................................... 146 
5.2.2 Collection of wet-weather and dry-weather samples (other catchments) ......... 146 
5.2.3 Collection and processing of animal stool and sewage samples ....................... 146 
5.2.4 Detection of bacterial indicators ....................................................................... 147 
5.2.5 Detection of coliphages ..................................................................................... 147 
5.2.6 Detection of FRNA coliphages .......................................................................... 148 
5.3 Results ...................................................................................................................... 150 
5.3.1 Monthly sampling .............................................................................................. 150 
5.3.2 Occurrence of coliphages in wet-weather samples ........................................... 164 
5.3.3 Diel sampling ..................................................................................................... 167 
5.3.4 Occurrence of FRNA coliphages in sewage and animal faecal samples........... 180 
5.4 Correlation between coliphages, bacterial indicators and enteric viruses ........ 181 
  vi 
5.4.1 Somatic to male-specific coliphage ratios and the prevalence of enteric viruses
 181 
5.4.2 Statistical correlation between indicators and enteric viruses .......................... 183 
5.4.3 Alternative water quality criteria based on linear regression models .............. 186 
5.5 Discussions ............................................................................................................... 198 
5.6 Conclusions ............................................................................................................. 207 
6 FACTORS AFFECTING THE SURVIVAL OF COLIPHAGES IN WATER ...... 210 
6.1 Introduction ............................................................................................................ 210 
6.2 Methods ................................................................................................................... 212 
6.3 Results ...................................................................................................................... 214 
6.3.1 Inactivation of coliphages in water under prevailing environmental conditions
 214 
6.3.2 Effect of sunlight, water matrix and indigenous microbes on the inactivation of 
coliphages ...................................................................................................................... 221 
6.4 Discussions ............................................................................................................... 226 
6.5 Conclusions ............................................................................................................. 231 
7 CONCLUSIONS .............................................................................................. 234 
7.1 Summary and conclusions ..................................................................................... 234 
7.2 Limitations of the study ......................................................................................... 240 
7.3 Future recommendations ....................................................................................... 241 
8 REFERENCES ................................................................................................ 244 
 
  vii 
SUMMARY 
Human enteric viruses are among a number of waterborne infectious agents that are a 
major cause of gastrointestinal disease in both children and adults worldwide. They are potent 
and persistent in nature and their prevalence in the aquatic environment pose a significant 
threat to human health. Yet, routine monitoring for waterborne viral pathogens is not 
commonly done, as it is impractical to monitor for all potential pathogens on a regular basis. 
Faecal indicators such as E. coli and enterococci are more commonly used to assess water 
quality. However, there is evidence to support that bacterial indicators are less suitable 
indicators of viral presence in water owing to differences in their morphology and behavior. 
Moreover, adapting water quality standards developed in other regions of the world for local 
use is complicated by differences in geographical conditions, ecology of microorganisms and 
varying sources of faecal pollution. Therefore, experts continue to seek improvements in 
water quality assessment by evaluating alternative microbial indicators, understanding the 
fate of pathogens and indicators, developing better detection methods and constructing 
predictive models to aid in water quality monitoring.  
To address these issues, this study aimed to examine the occurrence of enteric viruses 
in an urbanized tropical freshwater catchment and establish the usefulness of coliphages as 
alternative water quality indicators in recreational freshwaters by examining their associations 
with enteric viruses, ability to discriminate human from animal sources of faecal pollution 
and survival in prevailing environmental conditions. It was hypothesized that statistical 
associations exist between viral pathogens and viral indicators in the environment with 
consequent implications on the use of coliphages as indicators of enteric viruses and faecal 
pollution. 
Routine monitoring of viral pathogens and indicators was carried out in an urban 
catchment area in Singapore. The catchment receives non-point sources of pollution carried 
by storm and urban runoff from an urbanized commercial district, upstream residential and 
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light industrial areas. Water samples were collected monthly from five sites between 
December 2011 and March 2014. In addition, a diel sampling (4-hourly) was carried out over 
a period of 48 hours at one of the locations in the reservoir. In total, 168 water samples were 
collected. Enteric viruses (astroviruses, human adenoviruses, noroviruses and rotaviruses) 
were quantified using RT-qPCR while coliphages (male-specific and somatic) and bacterial 
indicators (E. coli and enterococci) were measured using standard culture methods. Male-
specific coliphages were further classified into four genogroups (FRNA GI to GIV) to aid in 
distinguishing human from animal sources of faecal pollution. The specificity of FRNA 
coliphages towards faecal type/origin was further evaluated by testing on domestic sewage 
and animal faecal samples.  
The results of the study showed the prevalence of enteric viruses in the catchment. 
Seventy-one percent (71%) of monthly water samples tested positive for at least one of the 
target viruses. Among enteric viruses tested, noroviruses were the most prevalent type 
detected in 50% of the samples, followed by rotaviruses (27%), human adenoviruses (25%) 
and astroviruses (23%). The prevalence of enteric viruses in the catchments appears to be 
linked to high-population density areas, storm and urban runoff. Higher occurrence was 
observed in one of the canals (station B), which is located in one of the densely populated 
commercial/business districts. The increase and decrease in seasonal detection rates and 
rainfall also appear to follow a similar trend when examined on an annual basis. Noroviruses 
in particular were found to be more prevalent when monthly rainfall increased and were 
found to correlate with the amount of rainfall during the sampling day (P < 0.05). 
Human health risks associated with exposure to enteric viruses from recreational 
activities in the catchment area were further evaluated using QMRA. Noroviruses were found 
to be the dominant viral risk across all exposure scenarios examined. Mean illness risks due to 
secondary contact recreation were 0.010 for noroviruses and 0.0046 for adenoviruses, which 
are below the guideline value of 0.036. Therefore, because of the prevalence and dominant 
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risks associated with noroviruses, they are better suited as reference pathogens for 
recreational waters in Singapore. 
This study also examined the usefulness of coliphages as alternative indicators of 
water quality. Coliphages demonstrated seasonal stability throughout the year, correlated with 
the presence of enteric viruses and bacterial indicators, displayed specificity towards human 
faecal origin and did not replicate in test waters subject to prevailing tropical conditions. 
Somatic and male-specific coliphages were present in almost all of the samples tested 
with detection rates of 98% and 94% respectively. Somatic coliphages were slightly more 
abundant than male-specific with mean concentrations of 1.8 × 102 PFU/100ml and 7.4 × 101 
PFU/100ml respectively. Similar to enteric viruses, the occurrence of coliphages in station B 
was also higher than in other locations. Male-specific coliphages, belonging to genogroup II 
(FRNA GII) associated with human faecal sources, were also found to be significantly more 
abundant in station B (P < 0.005), consistent with the prevalence of human enteric viruses in 
this particular catchment. Mean and median ratios of somatic to male-specific coliphages 
were also lower in station B (2.4 and 1.8) where more viruses were detected. In the absence of 
more sophisticated methods to detect enteric viruses, abundance ratios of coliphages may be 
useful alternative indicators to predict the presence of enteric viruses in the environment, i.e. 
lower ratios are better indicators of the presence of enteric viruses. 
Statistical correlations were observed between the presence of viral pathogens and 
viral indicators in the environment. Somatic coliphages correlated with noroviruses (r = 0.33, 
P < 0.05), human adenoviruses (r = 0.17, P < 0.05) and astroviruses (r = 0.20, P < 0.05). 
Male-specific coliphages correlated with noroviruses (r = 0.23, P < 0.05), astroviruses (r = 
0.23, P < 0.05) and rotaviruses (r = 0.26, P < 0.05). Associations were the strongest between 
human enteric viruses and human-specific coliphages FRNA GII. Among pathogens, FRNA 
GII correlated with noroviruses (r = 0.50, P < 0.05), human adenoviruses (r = 0.43, P < 0.05) 
and astroviruses (r = 0.44, P < 0.05). Specificity tests further showed that FRNA GII were 
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only present in domestic sewage and not in animal faeces. Therefore, the presence of FRNA 
GII coliphages in the catchment further confirms anthropogenic sources of faecal pollution.  
Linear regression models were derived based on bacterial and viral indicator 
concentrations. The models presented in this study were comparable to those derived in the 
United States and epidemiological studies conducted in Germany. The guideline value of 200 
CFU/100ml enterococci, applied in Singapore, was predicted to be equivalent to 86 
PFU/100ml somatic or 23 PFU/100ml male-specific coliphages. Based on these guide values, 
coliphages performed better than enterococci in predicting the presence of enteric viruses in 
water samples with sensitivities of 52% for somatic, 50% for male-specific and 36% for 
enterococci.  
Finally, the survival of coliphages in local tropical conditions was examined. There 
was no evidence of viral replication in test waters and coliphages were removed within a few 
days under natural sunlight. Male-specific coliphages were removed faster than somatic 
coliphages with T90 equivalent to 2.2 and 3.7 days respectively. Therefore, their presence in 
the environment may indicate more recent contamination events from faecal sources. 
Moreover, the abundance of somatic coliphages in mixtures of raw sewage and surface water 
and their slower inactivation in the environment relative to male-specific coliphages, may 
partially explain their higher prevalence in receiving surface waters. Among environmental 
factors examined in this study, sunlight had the greatest impact on the survival of coliphages 
under natural conditions, while water matrix and indigenous microbes had lesser effects.  
Therefore, based on their seasonal stability, associations with enteric viruses in water, 
predictive capacity, applications in microbial source tracking and limited survival in 
environmental waters, coliphages are attractive and viable alternatives to traditional bacterial 
indicators. The use of coliphages for routine water quality monitoring is a simple and 
inexpensive approach, although the use of reference pathogens, such as noroviruses, may be 
warranted when the prevalence of enteric viruses in the environment is expected to increase. 
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1 INTRODUCTION 
1.1 Enteric viruses and their impact on public health 
Human pathogenic enteric viruses are ubiquitous in the environment. They can be 
present in surface or ground waters impacted by untreated or inadequately treated sewage. 
Enteric viruses are released in faecal matter and spread in the environment through direct or 
indirect routes such as leaking sewage pipes and wastewater effluent discharge (USEPA, 
2001a). Enteric viruses, namely human adenoviruses (HAdV), astroviruses (AstV), 
noroviruses (NoV), rotaviruses (RoV), enteroviruses (EV) and hepatitis A virus (HAV), cause 
a variety of illnesses in humans such as gastroenteritis, diarrhea, skin disease and hepatitis. 
Due to public health concern, four of these viral pathogens (NoV, EV, HAdV and HAV) have 
been  included  in  EPA’s  contaminant  candidate  list for drinking water (USEPA, 2009). 
Outbreaks related to enteric viruses occur worldwide even in developed countries 
where access to proper infrastructure for sewage collection and treatment is available. In a 
recent study carried out by the Communicable Diseases Division in Singapore, it was reported 
that the percentage of gastroenteritis outbreaks attributed to noroviruses detected in the stool 
of infected individuals increased from 2.8% in 2009 to 6.3% in 2011.  There was also an 
increase in the percentage of noroviruses, from 2.2% to 23.1%, and rotaviruses, from 4.3% to 
7.6%, detected in stools of food handlers between 2010 and 2011 (actual numbers were not 
indicated) (MOH, 2012). Although most of the illnesses documented are foodborne and 
transmitted directly from person to person via the faecal-oral route, noroviruses are highly 
contagious and may be transmitted indirectly through contaminated water or environmental 
contact. In recreational waters, including swimming pools, lakes, ponds and rivers, 
noroviruses have been found to be the single largest cause of outbreaks (45%), followed by 
adenovirus (24%), echovirus (18%), hepatitis A virus (7%) and coxsackieviruses (5%) 
(Sinclair et al., 2009). A study by Aw et al. (2009) demonstrated the prevalence of NoV GI 
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and GII in the urban catchments of Singapore. A high level of similarity was found between 
environmental and clinical isolates during gastroenteritis outbreaks between August 2006 and 
January 2007. The study suggested the emergence and circulation of multiple NoV GI and 
GII strains in water environments (Aw et al., 2009). In a related study it was shown that other 
enteric viruses were present in catchments in which norovirus was found to be the 
predominant type, followed by astrovirus, enterovirus, adenovirus and hepatitis A virus (Aw 
and Gin, 2011). 
Epidemiological and laboratory surveillance systems showed increased levels of 
norovirus activity in the United Kingdom, Netherlands, Japan, Australia, France, and New 
Zealand (Van Beek et al., 2013). According to the Center for Disease Control and Prevention 
in the United States, a new strain of norovirus (GII.4. Sydney) caused 53% (141 out of 226) 
of the norovirus outbreaks in 2012, of which 51% were spread person to person, 20% were 
foodborne, 1% waterborne, and 28% had an unknown mode of transmission. The other 
outbreaks were caused by 10 different NoV GI and GII genotypes (CDC, 2013). In 2007 and 
2008, a total of 134 waterborne disease outbreaks associated with recreational water was 
reported in the United States. Of these 134 outbreaks, 81 (60%) resulted in acute 
gastrointestinal illness, 24 (18%) in dermatologic illnesses, 17 (13%) in respiratory illnesses 
and 12 (9%) in other illness. These outbreaks resulted in at least 13,966 cases of illness in 
which acute gastrointestinal illness accounted for 12,477 (89.3%) of the total outbreak related 
cases. Five outbreaks of gastrointestinal illness had a viral etiology and were associated to 
noroviruses. Two of the five cases were associated with NoV GII in treated water and an 
interactive fountain, and the remaining was associated with NoV GI in lakes (CDC, 2011). In 
addition to the 134 outbreaks associated with recreational water, there were also 36 reported 
outbreaks associated with drinking water. Bacteria caused 21 (58.3%) of the outbreaks, 
viruses five (13.9%), parasites three (8.3%), chemical one (2.8%) and the remaining two 
(5.6%) had multiple etiologies. The five viral outbreaks resulted in 274 cases of illness in 
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which four outbreaks (265 cases of illness) were caused by noroviruses and one (9 cases of 
illness) was caused by hepatitis A (CDC, 2011). 
Water-related disease remains as a leading cause of death worldwide reaching 3.4 
million deaths each year. It is estimated that 1.5 million people die of diarrheal disease alone, 
of which 88% are attributed to unsafe water supply, sanitation, and hygiene (WHO, 2008). 
The vast majority of victims are young children in developing countries who do not survive 
illnesses caused by organisms that thrive in water sources contaminated by raw sewage. Due 
to the hazards and risks associated with these pathogens, attention has been given to monitor 
their occurrence in the environment and to evaluate associated health risks due to exposure 
from recreational surface waters.  
 
1.2 Current practices in water quality assessment 
Routine monitoring of waterborne pathogens is not commonly done because it is time 
consuming, laborious, costly and requires large volumes of water samples (Rodríguez et al., 
2012). Instead, faecal indicator bacteria are measured to describe microbial water quality. A 
faecal indicator is a group of organisms that indicate the presence of faecal contamination and 
infer the presence of pathogens (Ashbolt et al., 2001). Enterococcus spp., coliforms, and 
Escherichia coli, are used as standards for water quality. Water quality guidelines based on 
faecal indicators are assumed to be indicative of health related exposure risks from pathogens 
(Cole et al., 2003). For instance, Singapore has adopted the World Health Organization 
standards for recreational water which were based on epidemiological studies that defined no 
observed adverse effect levels (NOAELs) and lowest observed adverse effect levels 
(LOAELs) for gastrointestinal (GI) and acute febrile respiratory illnesses (AFRI). The 
adopted guideline for enterococci (200/100 ml) enterococci relates to an average probability 
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of one case of gastroenteritis in 20 exposures (1–5% GI illness risk), and one case of AFRI 
per 50 exposures (0.3–1.9% AFRI risk) (WHO, 2003). 
In the United States, ambient water quality criteria (AWQC) for recreational waters 
were developed based on epidemiological studies that related faecal indicator bacteria to 
illness rates in selected beaches in the United States (USEPA, 1986). In 2002, USEPA 
initiated a series of epidemiological studies at marine and freshwater beaches to obtain a new 
set of health and water quality data using rapid methods to detect bacterial indicators, 
specifically enterococcus qPCR (Wade et al., 2008, Wade et al., 2010). A broader definition 
of health effects was also used in which fever was no longer required to occur with diarrhea, 
stomachache or nausea to meet a case definition of gastroenteritis. In light of these findings, 
USEPA released recreational water quality criteria (RWQC) in 2012 which includes a 
translation of 1986 criteria risk to equivalent risk levels using the new definition of 
gastroenteritis (USEPA, 2012a).  
In using fecal indicator bacteria, it was assumed that 1) pathogens and indicators 
share a common source and 2) indicator fate and behavior, and performance in all types of 
recreational waters remain consistent and are similar to enteric pathogens (Rowny and 
Stewart, 2012, WERF, 2009). However, the use of bacterial indicators is limited in that they 
are known to behave differently from enteric viruses. Studies have also pointed out the failure 
of bacterial indicators in predicting the presence of viral pathogens in water (Armon, 1993, 
Armon et al., 2007, Ballester et al., 2005). Viruses have been detected even in drinking water 
which met bacterial standards and consequently led to several disease outbreaks (Keswick et 
al., 1984, Maunula et al., 2005, Sobsey, 1997). Infectious enteric viruses have also been 
detected in lake water with acceptable microbiological water quality for E. coli, enterococci 
and coliphages (Pusch et al., 2005), and in surface waters that would have met the US 
Environmental Protection Agency's recommended E. coli guideline for safe recreational water 
(Denis-Mize et al., 2004). USEPA has also recognized the limitations of applying the AWQC 
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to other water environments since it was based on epidemiological studies at Great Lakes 
beaches with known point sources of pollution, and therefore does not take into account 
differences in geographical conditions, ecology of microorganisms and varying sources of 
fecal indicator bacteria (USEPA, 2007). Factors that control the fate, survival, transport, 
growth and regrowth potential, and ecology of indicators and pathogens in other aquatic 
environments will differ from those factors found at the Great Lakes (WERF, 2009). The 
inactivation of indicators relative to pathogens is also of concern. In general, principles of 
microbial ecology must be considered to improve water quality assessment (USEPA, 2007, 
WERF, 2009). This involves an evaluation of the sources of fecal contamination and an 
understanding of pathogen/indicator fate and transport. In this regard, it would be possible to 
conduct risk assessments based on the concentrations of indicators in the environment and the 
expected presence of human pathogens from various sources of contamination (USEPA 
2007).  
To improve water quality assessment, alternative indicators for viruses have been 
proposed including somatic and male-specific coliphages, polyomaviruses and B. fragilis 
phages. In particular, coliphages, which are viruses that infect E. coli, are better suited as viral 
indicators than traditional faecal indicator bacteria because their morphology and behavior are 
more similar to enteric viruses (Love and Sobsey, 2007, Armon et al., 2007, Allwood et al., 
2003, Borrego et al., 1990, Stetler, 1984). Coliphages were found to correlate better with the 
presence of enteric viruses in different water matrices than traditional bacterial indicators 
(Armon et al., 2007, Ballester et al., 2005, Havelaar et al., 1993, Stetler, 1984). The presence 
of male-specific and somatic coliphages in polluted surface waters were significantly 
correlated to the presence of enteric viruses but not to the presence of indicator bacteria in the 
United States (Ballester et al., 2005). Positive correlations between the concentrations of 
human-specific coliphage FRNA GII and human adenoviruses were also observed in Muerthe 
River and Massachusetts Bay (Ogorzaly et al., 2009, Ballester et al., 2005). Correlations 
between coliphages and indicator bacteria have also been reported in beaches in Spain 
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(Ibarluzea et al., 2007) and rivers in France (Ogorzaly et al., 2009). Coliphages have also 
been used to determine the removal of viruses during water and wastewater treatment and 
water treatment processes. They are more persistent than bacteria (Allwood et al., 2003, 
Nasser et al., 1993) and have been detected in treated effluent (Gantzer et al., 1998, Havelaar 
et al., 1993, Allwood et al., 2003). Although associations between enteric viruses and 
indicators have not always been found (Haramoto et al., 2009, Harwood et al., 2005, Jiang et 
al., 2007), enumeration of coliphages is a generally accepted tool in water quality assessment 
in which standard methods have been developed and validated for groundwater (USEPA, 
2001b). In addition to their ability to predict the presence of viruses, coliphages have also 
been found useful in discriminating human from non-human sources of faecal contamination 
(Brion et al., 2002, Cole et al., 2003). Two FRNA genogroups, FRNA GII (GA-like) and GIII 
(QBeta-like), are generally associated with human waste, while groups I (MS2-like) and IV 
(SP-like) are strongly associated with animal waste (Friedman et al., 2011, Vinjé et al., 2004).  
Plaque assays and culture enrichment techniques have been developed to detect and 
enumerate coliphages, while reverse transcription PCR (RT-PCR) methods have been 
developed to genotype FRNA phages. USEPA Method 1602 is a direct-plating method in 
which samples of up to 100 ml are combined with molten agar and poured into plates. After 
24 hours of incubation, circular lysis zones formed on host strain E. coli HS [pFamp]R for 
male-specific and E. coli CN-13 for somatic coliphages are counted and expressed in number 
of plaque forming units per 100 ml (PFU/100ml) (USEPA, 2001c). USEPA Method 1601, on 
the other hand, is a presence-absence test employing a two-step enrichment procedure in 
which samples are spotted onto a lawn of host bacteria after overnight enrichment of up to 
1000 ml volume samples. These methods, however, have only been accepted and validated 
for use in groundwater (USEPA, 2001c, USEPA, 2008). Studies are ongoing to validate the 
use of these methods in other water matrices. In general, Method 1601 is preferred because of 
its ability to detect low numbers of coliphages in large volume samples in a less cumbersome 
manner compared to Method 1602 or other membrane filtration methods (Sobsey et al., 
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2004). In addition, Method 1601 may be used to enumerate coliphages using the most 
probable number format by dividing the enrichment culture into triplicates of 300, 30, and 3 
mL volumes (1000 ml total volume) prior to overnight incubation and spot plating. Studies 
have recommended the use of the enrichment-MPN method for estuarine waters (Love et al., 
2010) and marine water samples (Rodríguez et al., 2012). Culture steps have also been used 
prior to genetic typing of coliphages, however this technique is time consuming and alters 
phage distribution after cultivation (Ogorzaly et al., 2009). Direct RT-PCR assays have 
recently been developed to genotype FRNA phages. Primers and probes were designed using 
known genome sequences and were validated on environmental isolates from animal sources, 
sewage, and combined storm overflow. FRNA phage strains isolated from human faeces and 
CSO were classified under groups II and III, while those isolated from animal faeces and 
waters contaminated through animal activities were classified under group I and IV with the 
exception of one strain isolated from dog classified under group III (Friedman et al., 2011, 
Friedman et al., 2009). 
Culture and molecular methods have been established for detection of enteric viruses 
in environmental or drinking waters. USEPA method 1615 describes a cell culture procedure 
to detect total cultivable viruses using Buffalo Green Monkey kidney (BGM). The cell culture 
procedure detects some strains of enterovirus A, B, C and D, and orthoreoviruses that are 
capable of producing cytopathic effects (CPE). Cultures are examined for two weeks and then 
re-passaged onto fresh cultures for confirmation. Virus concentration is calculated in terms of 
most probable number (MPN) of infectious units per liter. Although this method provides a 
direct measure of infectivity, the time required for detection may vary for up to 30 days. 
Moreover, not all viruses are culturable (Rodríguez et al., 2009); noroviruses and some 
enteroviruses do not replicate in BGM cells, and to date, there is no established cell line for 
detection of infectious human noroviruses.  To overcome this limitation, Method 1615 also 
describes a reverse-transcription quantitative polymerase chain reaction (RT-qPCR) method 
for human enterovirus species A, B, C and D, norovirus genogroups IA, IB and II, and 
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hepatitis G. Virus concentrations are expressed in genomic copies per liter (USEPA, 2012b). 
Quantitative PCR (qPCR) assays have also been developed for adenoviruses (Puig et al., 
1994, Allard et al., 2001, Jothikumar et al., 2005), rotaviruses (Pang et al., 2012), astroviruses 
(Oh et al., 2003, Le Cann et al., 2004), and hepatitis A (Pina et al., 2001) and E viruses 
(Grimm and Fout, 2002). Although molecular techniques fail to distinguish infectious from 
non-infectious virus particles, correlations among the presence of organisms have been found 
albeit associations pertaining to health risks need to be carefully considered (Wyer et al., 
2012, Wyn-Jones et al., 2011). At the very least, PCR results indicate viral contamination. 
Recent studies have shown that qPCR measurements of indicator bacteria were able to predict 
health effects in recreational waters (Wade et al., 2006). Enterococcus qPCR cell equivalent 
was more strongly associated with GI illness than enterococcus measured by membrane 
filtration (Wade et al., 2008). In this regard, USEPA included enterococcus qPCR guidelines 
for beaches in the recent RWQC (USEPA, 2012a). According to USEPA (2012) a direct 
relationship was also found between health risks and qPCR measurements of human viruses 
in groundwater. In the United States, a study demonstrated the use of real-time water quality 
forecasting models to estimate the levels of viral pathogens in two beaches in Lake Michigan. 
The beaches were monitored for infectious enteric viruses by cell culture and it was found 
that predictive models of virus pollution were best described by physical parameters such as 
wind speed, wind direction and water temperature (Wong et al., 2009). Moreover, 
quantitative microbial risk assessment (QMRA) was applied to estimate the likelihood of 
adverse human health effects associated with exposure to pathogens. 
Regression models have also been used to predict the presence of enteric viruses in 
water based on microbial indicators (Dutka et al., 1987, Havelaar et al., 1993, Wyer et al., 
2012) and environmental conditions (Love et al., 2010, Wong et al., 2009). Based on the 
assumption that the presence of viruses is correlated to indicators, threshold concentrations of 
coliphages have been calculated. For instance, Dutka (1987) proposed a fresh water quality 
guideline of 20 PFU/100ml coliphage, which corresponded to the recreational fresh water 
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quality guideline of 100 CFU/100ml faecal coliforms. In another study using multiple linear 
regression, the equivalence of 35 CFU/100 ml enterococci (USEPA criteria) was calculated to 
be equivalent to 1 PFU/100ml male-specific or 39 PFU/100ml somatic coliphage (Love et al., 
2010). Wyer et al. (2012), on the other hand, calculated the probability of adenovirus 
presence in 40 liters water using logistic regression analysis. Above the threshold levels of 42 
CFU/100ml E. coli, 12 CFU/100ml enterococci, or 6 PFU/100ml somatic coliphage, the 
probability (p) that adenovirus is present increases to over 50%. The calculated thresholds for 
bacterial indicators were more stringent when compared to current European bathing water 
quality criteria of 1000 CFU/100ml E. coli (p=0.73) and 400 CFU/100ml enterococci 
(p=0.78) (Wyer et al., 2012). 
 
1.3 Summary of introduction and statement of hypothesis 
To summarize, recreational water quality criteria are developed primarily to protect 
public health from organisms that cause illnesses in human (USEPA, 2012a, WHO, 2003). 
These pathogens are ubiquitous in the environment and are present in waters impacted by 
faecal contamination.  In Singapore, the prevalence of noroviruses, astroviruses, 
enteroviruses, adenoviruses, and hepatitis A viruses in catchment waters has been 
documented (Aw and Gin, 2011, Aw and Gin, 2010, Aw et al., 2009) and outbreaks related to 
enteric viruses have increased in the recent years (Ho et al., 2015, MOH, 2012, MOH, 2014, 
Yap et al., 2012). While water quality guidelines based on faecal indicators are assumed to be 
indicative of health related exposure risks from these pathogens (Cole et al., 2003), experts 
have also pointed out the limitations of using faecal indicator bacteria and difficulties in 
adapting health-based water quality guidelines due to differences in geographical conditions, 
ecology of microorganisms and varying sources of faecal pollution (USEPA, 2007, WERF, 
2009, WHO, 2003). To improve water quality assessment, the occurrence and behavior of 
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pathogens in local environments must be considered, as well as a careful selection of suitable 
microbial indicators. 
In light of this need, this study focused on the occurrence and risks associated with 
waterborne enteric viruses, and the use of coliphages as alternative indicators. It was 
hypothesized that statistical associations exist between the presence of enteric viruses and 
coliphages in surface waters, with consequent implications on their use as indicators of water 
quality and human faecal pollution. 
 
1.4 Research questions, objectives, and scope 
In this study, the following research questions were asked. 
1. What is the occurrence of enteric viruses in local waters? 
a. How do concentrations vary spatially and temporally? 
b. What are the risks imposed on human health from exposure to these 
pathogens? 
2. Is there a suitable viral indicator or index for tropical urban catchments? Are 
coliphages suitable indicators of enteric viruses and human faecal pollution in 
local waters? 
a. What is the nature of their occurrence in local waters? 
b. Can they be used to indicate the presence of enteric viruses in water 
and identify sources of pollution? 
3. How do coliphages behave in local waters? What factors influence their 
survival? 
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Following are the objectives of this research based on the questions previously 
mentioned. 
1. Examine the occurrence and prevalence of enteric viruses in tropical surface 
waters (focusing on urbanized freshwater catchments intended for 
recreational use and water supply), evaluate spatial and temporal patterns of 
distributions, and determine illness risks from exposure. 
2. Evaluate the use of coliphages as indicators of water quality, in particular, as 
indicators of the presence of waterborne enteric viruses and human sources of 
faecal pollution, and develop alternative water quality criteria for recreational 
waters. 
3. Examine the survival of coliphages in prevailing environmental conditions 
and local waters. 
This scope of this study was limited to the surveillance of enteric viruses, coliphages, 
and bacterial indicators in freshwater catchments and did not encompass viral ecology and 
epidemiology. Quantitative microbial risk assessment was supplemented with dose-response 
models and probable exposure gathered from literature. Methods used in this study to 
enumerate enteric viruses, coliphages and indicator bacteria were also gathered from 
literature. 
 
1.5 Thesis outline 
This thesis is organized into seven (7) chapters. 
Chapter 1 is an introduction to the nature of enteric viruses and their impact on 
human health. It also provides a discussion on current practices and gaps in water quality 
assessment, and outlines the objectives and scope of this study. 
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Chapter 2 is a review of literature on enteric viruses, their occurrence in various water 
matrices and different geographic regions, their associated health risks in recreational waters 
and factors that control their fate in the environment. Correlation and regression models that 
describe statistical relationships between viral pathogens, indicators and environmental 
parameters are also discussed. 
Chapters 3 to 6 are results and discussion chapters, beginning with the occurrence of 
enteric viruses in catchments and surface waters in chapter 3 followed by quantitative 
microbial risk assessment in chapter 4. Chapters 3 and 4 also include an assessment of spatial, 
seasonal and diurnal variations in viral concentrations. The next two chapters focus on 
coliphages as alternative indicators of water quality. Chapter 5 examines the occurrence of 
male-specific, somatic and FRNA coliphages in the environment and their suitability as viral 
indicators and indicators of human faecal contamination. Here, statistical relationships 
between viral pathogens, coliphages and bacterial indicators are evaluated, and predictive 
models are developed to come up with alternative water quality criteria for coliphages. In 
addition, the survival of coliphages in prevailing natural conditions was studied and results 
are presented in chapter 6.  
The final and seventh chapter comprises summary, conclusions and 
recommendations. 
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2 LITERATURE REVIEW 
 
2.1 Enteric viruses and coliphages included in this study 
Enteric viruses that cause human illnesses include astroviruses, adenoviruses, 
noroviruses, rotaviruses, enteroviruses, and hepatitis viruses. These viruses are generally 
known to be host-specific although some have been detected in both humans and animals 
(Fong and Lipp, 2005, Shen et al., 2011). Enteric viruses multiply in the gastrointestinal tract 
and are shed in the faeces or urine of infected individuals in high numbers, typically between 
106 to 1011 particles per gram of stool (WHO, 2006). They are potentially the most potent 
waterborne pathogens with low LD50 or ID50 (Couch et al., 1966, Ward et al., 1986). Clinical 
data show that rotaviruses are by far the most prevalent cause of viral gastroenteritis in 
children, and noroviruses cause the most cases of viral diarrhea in adults (WHO, 2006). In 
Singapore, the prevalence of waterborne pathogenic viruses in urban catchments has been 
documented where norovirus was found to be the predominant group, followed by astrovirus, 
enterovirus, adenovirus and hepatitis A virus (Aw and Gin, 2011). The properties of common 
waterborne viral pathogens are summarized in Table 2.1 below. 
There are several culture and molecular techniques available for the quantification of 
enteric viruses, however, some enteric viruses remain uncultivable (USEPA, 2010). The use 
of surrogates, especially in survival and transport studies, has been widely practiced. A 
surrogate is defined as an organism, particle or substance used to study the fate of a pathogen 
in a specific environment (Sinclair et al., 2012). For instance, murine norovirus, feline 
calicivirus, echovirus 12, MS2 and PhiX174 have been used as surrogates for noroviruses 
(Table 2.2 below). In addition to their function as surrogates, coliphages have also been 
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proposed as an index of human enteric viruses. An index organism is a group or species that 
is indicative of the presence of pathogens (Ashbolt et al., 2001).  
Table 2.1 Enteric viruses and associated illnesses 
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Table 2.2 Common surrogates for enteric viruses 
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2.1.1 Astroviruses 
Astroviruses are non-enveloped, single-stranded RNA viruses approximately 28 nm 
in diameter within the family Astroviridae. They are small particles with a 5 or 6 star pointed 
motif in the center. There are eight serotypes of astroviruses (AstV 1 to 8), which are capable 
of infecting humans. Serotypes 1 and 2 are commonly acquired during childhood whereas 
other serotypes may not occur until adulthood (Carter, 2005). Illnesses associated with 
astroviruses are generally mild, lasting 2 to 3 days. Mild gastroenteritis is common in children 
1 to 3 years of age, and less common in adults and elderly (Nwachuku and Gerba, 2006). 
Astroviruses have been detected in clinical specimens in large quantities from 107 to 108 
particles per gram of stool (Glass et al., 2001). Propagation of all seven serotypes is 
successful in the human cell lines Caco-2, T84, HT-29, and in the African green monkey 
kidney cell line MA-104 (Brinker et al., 2000). 
 
2.1.2 Adenoviruses 
Adenoviruses are non-enveloped, icosahedral, double-stranded DNA viruses 
approximately 100 nm in diameter within the family Adenoviridae. There are six species of 
adenoviruses (A to F), which are further subdivided into 51 serotypes. Thirty percent of the 
serotypes are pathogenic to humans and the majority of waterborne isolates are types 40 and 
41 that cause adenovirus-related gastroenteritis. Respiratory strains of adenovirus are also 
known to grow well in the gut and are shed in faecal matter (Carter, 2005). Adenovirus results 
in a lower mortality rate compared with other enteric viruses. It is, however, a common cause 
of acute viral gastroenteritis in children (Lee et al., 2013). Infections are generally confined to 
children less than 5 years of age and are rare in adults (WHO, 2006). Adenoviruses are shed 
in larger numbers (approximately 106 particles per gram of faecal matter) and are detected in 
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polluted waters and shellfish (Jiang, 2006). Traditional cell culture methods are time 
consuming, requiring 10 to 20 days for detecting HAdV-F (Rodriguez et al., 2013). 
Permissive cell lines for adenoviruses are BGMK, G293, A549, KB, HEp-2, PLC/PRF/5, and 
Caco-2 (Carter, 2005, Rodriguez et al., 2013). 
 
2.1.3 Noroviruses 
Noroviruses are non-enveloped, single-stranded RNA viruses which are 34 nm in 
diameter, within the family Caliciviridae. They can be subdivided into 29 genetic clusters 
under five genogroups (8 in GI, 17 in GII, 2 in GIII, and 1 each in GIV and GV) of which GI 
and GII are commonly associated with human illnesses (Zheng et al., 2006). Norovirus 
infections occur most frequently among elderly persons, young children and 
immunocompromised patients. Symptoms occur within 48 h of exposure and include 
diarrhea, vomiting, nausea and fever (WHO, 2006). Noroviruses are highly infectious and are 
transmitted primarily via the faecal-oral route. Gastrointestinal illness outbreaks associated 
with noroviruses have been reported even in developed countries with proper infrastructure 
for sewage collection and treatment including Singapore. Due to the absence of a 
standardized and validated infectivity assay for human noroviruses, the presence of 




Rotaviruses are non-enveloped, double-stranded RNA viruses approximately 70 nm 
in diameter, within the family Reoviridae. They are classified into six serogroups, three of 
which infect humans (groups A, B and C). Group A rotaviruses are the most important from a 
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public health standpoint (Dennehy, 2008). Rotaviruses cause gastroenteritis and vomiting 
which can occur up to 48 hours prior to the onset of diarrhea. The severity of the illness varies 
from mild (less than 24 hours) to severe or fatal. Most children are infected with rotavirus 
during the first 2yr of life (Nwachuku and Gerba, 2006). Forty-five percent of acute diarrheal 
hospitalizations among children 0-5 years were attributable to rotavirus (Bresee et al., 2004). 
Cases in adults associated with group B rotavirus have been reported in India in the late 1990s 
and earlier in China (1980s) where thousands of persons suffered from severe diarrhea 
(Hoshino and Kapikian, 2000). Rotavirus has been detected in clinical specimens in large 
quantities from 108 to 1012 particles per gram of stool (Glass et al., 2001). Cell lines fully 
permissive to rotavirus include monkey kidney cells (MA-104), human colonic carcinoma 
cells (Caco-2) and hepatic (HepG2) types (Londrigan et al., 2000). 
 
2.1.5 Coliphages 
Coliphages may be double-stranded DNA viruses (Myoviridae, Styloviriae, 
Podoviridae), single-stranded DNA viruses (Microviridae and Inoviridae), or single-stranded 
RNA viruses (Leviviridae). Somatic coliphages belonging to the families Myoviridae, 
Styloviridae, Podoviridae and Microviridae infect host bacteria via the cell wall, while male-
specific (F+) coliphages belonging to the families Inoviridae and Leviviridae infect host 
bacteria via the appendages called F-pili (USEPA, 2001c). Both somatic and male-specific 
coliphages have been studied extensively as indicators of faecal contamination in aquatic 
environments, as well as process indicators in water and wastewater treatment. These viruses 
have been found in surface waters with potential sewage or faecal contamination but not at 
unimpacted sites (Long et al., 2005). The four genogroups of FRNA phages may generally be 
linked to either human or animal faecal sources, in which groups II and III are generally 
associated with human waste, while groups I and IV are generally associated with animal 
waste. In contrast, little is known about the ecological characteristics of FDNA phages, but 
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their apparent abundance and persistence in water make them potentially more robust 
indicators than FRNA coliphages (Long and Sobsey, 2004). Similarly, somatic phages are 
usually detected as a broad group with no effort to identify or relate specific taxonomic 
groups to faecal or possibly non-faecal sources (USEPA, 2007).  
In contrast to detection of pathogenic viruses in water in which huge volumes are 
required (10 L), coliphages may be enumerated using small volumes (100 mL) and simple 
culture methods. US EPA Methods 1601 and 1602 recommends the use of E. coli Famp (E. 
coli HS(pFamp)R) to detect male-specific (F+) coliphages and E. coli CN-13 to detect 
somatic coliphages (USEPA, 2001c). Other host bacteria that were previously studied are E. 
coli B, E. coli C, E. coli C-3000, E. coli K-12 Hfr, and Salmonella typhimirium WG49. E. coli 
C-3000 allows for the simultaneous detection of somatic and F-specific coliphages. A reverse 
transcription real-time PCR assay was developed to distinguish the four FRNA genogroups 
and was validated using environmental isolates from animal sources, sewage, and combined 
storm overflow (Friedman et al., 2011). FRNA phage strains isolated from human faeces and 
CSO were classified under groups II and III, while those isolated from animal faeces and 
waters contaminated through animal activities were classified under group I and IV, with the 
exception of one strain isolated from dog which was classified under group III (Friedman et 
al., 2011). 
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2.2 Occurrence of waterborne enteric viruses 
2.2.1 Enteric viruses in various water matrices and environmental conditions 
Enteric viruses have been detected worldwide in fresh and marine waters, and in both 
surface and ground waters. They have been detected frequently especially in areas where 
there are known sources of pollution (Aslan et al., 2011). Their occurrences in different parts 
of the world are listed in Table 2.3 below. Most of the studies have been conducted in 
developed countries although a vast majority of cases related to viral gastroenteritis occur in 
developing countries. Worldwide in 2008, rotavirus infection resulted in 453,000 deaths in 
children less than 5 years of age. Five countries accounted for more than half of all deaths, i.e. 
Democratic Republic of the Congo, Ethiopia, India, Nigeria, and Pakistan. India alone 
accounted for 22% of deaths (Tate et al., 2012). Moreover, little is known about the presence 
of enteric viruses in tropical waters apart from a handful of studies conducted in Venezuela 
(Rodríguez et al., 2009), Kenya (Kiulia et al., 2010), Indonesia (Phanuwan et al., 2006), 
Thailand (Kittigul et al., 2006) and Singapore (Aw and Gin, 2011). Most studies have been 
conducted in temperate regions such as the United States and Canada, Europe and some parts 
of Asia such as Japan, Korea and China (Table 2.3). 
Some enteric viruses are detected more frequently in humans during winter months 
such as norovirus, rotavirus, and astrovirus. Reported cases and outbreaks associated with 
Norwalk-like viruses in different countries occurred year-round but was shown to peak during 
cold weather (Mounts et al., 2000, Kishida et al., 2012). In the winter of 2006/2007, the 
largest norovirus epidemic occurred in Osaka, Japan where more than 11,500 cases were 
reported (Sakon et al., 2007). A surveillance of gastroenteritis outbreaks in El Salvador 
demonstrated the winter seasonality of rotavirus, which accounted for 27% of more than 
12,000 reported cases of diarrhea between May 2001 and April 2002 (Guardado et al., 2004). 
  21 
Similarly, astrovirus infections occur throughout the year, with a peak during the 
winter/spring seasons in temperate zones (Nwachuku and Gerba, 2006). 
Wet-weather conditions have also been associated with the prevalence of enteric 
viruses in the environment (Brion et al., 2002, Jiang et al., 2007, Keswick et al., 1984).  
Heavy rainfall and flooding were the most common events preceding outbreaks, of which 
25% were associated with enteric viruses including hepatitis virus, norovirus, rotavirus, 
adenovirus, and enterovirus (Cann et al., 2012). 
Seasonal relationships however are not always established (Ballester et al., 2005). For 
instance, norovirus outbreaks more commonly associated with winter conditions have been 
reported in tropical countries such as Singapore (Aw et al., 2009). Norovirus GI and GII have 
also been reported to be present only during summer and not throughout the year in a river in 
Poland (Kozyra et al., 2011). This suggests that other factors may play a role in the presence 
and survival of enteric viruses in water. Temperature, and probably relative humidity, may be 
meaningful in the seasonal distribution of outbreaks of certain human enteric viruses due to 
the influence of these factors on virus persistence (Bosch et al., 2006). In situ studies in the 
United States showed that the concentration of enteroviruses were more easily altered during 
the summer months than during the winter months indicating that temperature played a 
significant role in their survival. Poliovirus 1 and echovirus 6 infectivity were lost within 30 
days during the summer and 70 days during the winter while coxsackievirus B5 proved to be 
stable up to 7 weeks in summer and showed only a 2-log drop in infectivity over an 80-day 
period during winter months (Lo et al., 1976). 
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Table 2.3 Occurrence of enteric viruses in the world 
Sampling site Virus Detection 
method 
Findings Reference 
     
Canada, groundwater that 
was a source of drinking 
water 
Total coliform, E. coli, 
enteroccoci, somatic and 
male-specific coliphage, total 
culturable human enteric 




Total coliforms were the best indicator of 
microbial degradation, and coliform bacteria were 
always present at the same time as human enteric 
viruses. 
 
Two samples contained human enteric viruses but 
no faecal pollution indicators (E. coli, enterococci, 
or coliphages) 
 
(Locas et al., 
2007) 
United States, recreation 
and bathing waters, Great 
Lakes beaches, inland 






qPCR Adenovirus was strongly associated with point 
sources of human faecal pollution while 
enterovirus was not 
(Aslan et al., 
2011) 
United states, well water Enterovirus RT-PCR 7 out of 30 samples were positive for enterovirus, 
one of these was positive for infectious echovirus 
18. 
 
Deep confined aquifers can be more vulnerable to 
contamination by human viruses. Natural fractures 
in the shale aquitard are possible virus transport 
pathways. 
 
(Borchardt et al., 
2007) 
United States, lake in Ohio, 
basin in Washington and 
Enterovirus (EV), reovirus 
(ReV), rotavirus (RoV), 
Multiplex RT-
PCR, cell culture 
Water samples were positive for EV (13/87), ReV 
(9/30), RoV(6/20), HAV (5/17). No samples were 
(Denis-Mize et 
al., 2004) 
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Sampling site Virus Detection 
method 
Findings Reference 
Iowa, river and coastal 
drainage South Carolina, 
river basin West Virginia 
 
hepatitis A virus (HAV), 
norwalk virus 
positive for Norwalk virus. 
 
All sites showed evidence of faecal contamination, 
and culturable viruses were detected in four 
samples that would have met the US 
Environmental Protection Agency's recommended 
E. coli guideline for safe recreational water. 
 
United Sates, major rivers 
in Michigan 
E. coli, enterococci, 
coliphage, and enteric viruses 
 Five sites (56%) exceeded the allowable limits set 
for recreational waters based on E. coli 
concentrations for the State of Michigan. Three 
(33%) of these sites tested positive for the presence 
of infectious enteric viruses 
 
(Jenkins et al., 
2005) 
United States, urban rivers 
and its impact on coastal 
waters in southern 
California  
Adenovirus, enterovirus, 
hepatitis A virus, Total 
coliform, faecal coliform, 




Adenoviruses were detected at 11 of the 21 sites 
(52%). Enteroviruses were found at 13 sites. 
Hepatitis A viruses were the most frequently 
detected, with 16 of the 21 sites (76%) positive. 
 
There was no clear relationship between detection 
of human viruses and the concentration of indicator 
bacteria and coliphage. 
 
Both faecal indicator bacteria and human viral 
input at beaches near river mouths were associated 
with storm events. The first storm of the wet 
season seemed to have the greatest impact on the 
quality of coastal water than following storm 
events. 
 
(Jiang and Chu, 
2004) 
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Sampling site Virus Detection 
method 
Findings Reference 
United States, land-based 
runoff from tropical 
streams in Hawaii 
Adenovirus, enterovirus, 
norovirus GI, and GII, 
human-specific and pig 
specific Bacteroidales 
qPCR Enterovirus was present in 5 of 88 (6%) samples 
and ranged from 0.8 to 4.2 GC/100 mL. 
Adenovirus was detected in 13 of 88 (15%) 
samples and ranged from 0.4 to 4.8 GC/100 mL. 
Norovirus GI was found in 19 of 88 (22%) samples 
and ranged from 1.2 to 1441 GC/100 mL. 
Norovirus GII was detected in 11 of 88 (12.5%) 
samples and ranged from 0.9 to 62.4 GC/100 mL. 
 
Human specific Bacteroidales (humbac) were 
detected in 62 of the 88 samples and at least once 
in each of the 22 streams. Concentrations ranged 
from 1 to 11 000 GC/100 mL. Pig-speciﬁc  
Bacteroidales (PF163) were detected in 8 of 88 
samples (10%). 
 
Land-based runoff is a potential source of GI 
illness risk, with pathogens coming from both 
human and nonhuman nonpoint sources including 
septic tanks. 
 
(Viau et al., 2011) 
United States, recreational 
beaches on Lake Michigan 
Human adenovirus (HAdV) qPCR, ICC-PCR qPCR results showed that 8/30 Silver Beach 
samples and 6/28 Washington Park Beach samples 
contained HAdVs. 
 
Concentrations of HAdVs ranged from 1.7x101 to 
3.4x102 virus particles/liter at Silver Beach, and 
from 7x100 to 3.8x103 at Washington Park Beach. 
 
60% of the ICC-PCR analyses agreed with the real-
(Xagoraraki et al., 
2007) 
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Sampling site Virus Detection 
method 
Findings Reference 
time PCR results. 
 
Mexico, ocean water 
samples taken at Tijuana 
River mouth following rain 
events 
Hepatitis A virus (HAV), 
faecal coliforms (FC) 
RT-qPCR HAV could be detected in all eight samples using 
RT-qPCR. 
 
FC showed no significant association with HAV 
concentrations in ocean water samples with a linear 
fit regression value of r2 = 0.502. 
 
Viral load after rain events varied from 90 to 3523 
copies of HAV/L of ocean water near the mouth of 
the Tijuana River, and 347 to 2656 copies/L near 
the Imperial Beach pier. 
 
(Brooks et al., 
2005) 
Mexico, estuarine water Hepatitis A virus, norovirus, 
faecal coliform, E. coli 
Nested RT-PCR HAV was found in 80% and NoV in 70% of the 
samples collected, and both were present in 57.5% 
 
Faecal coliforms were isolated in 48.57% of the 
samples, while Escherichia coli were found in 
34.28%. 
 
No significant relationships were detected between 
indicators and viruses. 
 
(Hernandez-
Morga et al., 
2009) 
Venezuela, sewers and in a 
major river severely 
polluted with urban sewage 
discharges 
Adenovirus (AdV), 
enterovirus, HEV), rotavirus 




At the sewage sites, EV and NoV were found in 
75% (9 of 12) of the samples, RoV and AstV in 
67% (8 of 12) of the samples, and AdV in 50% (6 
of 12) of the samples. 
 
In river samples, the detection rates were 89% (16 
(Rodriguez-Diaz 
et al., 2009) 
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Sampling site Virus Detection 
method 
Findings Reference 
of 18) for AstV, 83% (15 of 18) for AdV and RoV, 
and 72% (13 of 18) for EV and NoV. 
 
Poland, river Adenoviruses group F and 
noroviruses 
PCR Adenoviruses were detected in 28.3% of analysed 
samples, and were present at all seasons of the 
year. 
 
11.6% of the samples were positive for NoVs; they 
were present only during summer. 
 




Adenovirus (HAdV2), MS2, 
GA 
RT-PCR Adenoviral presence could be identified in 
groundwater without faecal bacteria. 
Adenoviruses have the most stable persistence 
profile and an ability to survive for a long time in 
groundwater. 
 
(Ogorzaly et al., 
2010) 
Germany, rivers of a 
densely-populated area 
Enterovirus (EV), adenovirus 
(AdV), group A rotavirus 
(RoV A), norovirus GI and 
GII (NoV GII), polyomavirus 
(PyV) 
 
qPCR Detection rates of 97.5% for AdV and PyV, 90% 
for RoV A, 31.7% for NoV GII, and one sample 
for EV. 
 
Virus concentrations ranged from 9.4 to 2.3x104 
GE/L 
(Hamza et al., 
2009) 
Germany, lake water, 
supplying surface waters 
located downstream of a 
sewage plant 
Enterovirus (EV), astrovirus 
(AstV), norovirus (NoV), 
rotavirus (RoV), hepatitis A 




29-76% positive for EV, 24-42% for AstV, 15-
53% for NoV, 3-24% for RoV, 5-20% for HAV, 
and 20% for AdV; 
 
AstV genome load was between 3.7 x 103 to 1.2 x 
108 GE/L; NV average genome load ranged from 
1.8 x 104 to 9.7 x 105 GE/L; 
 
(Pusch et al., 
2005) 
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Sampling site Virus Detection 
method 
Findings Reference 
Cell culture methods showed that 3/ 18 PCR 
positive samples contained infectious EV. 
 
Virological data of this study suggest the 
possibility that surface waters may be a source for 
enteric viral infections eventhough microbiological 
parameters such as Escherichia coli, enterococci 
and coliphages indicated acceptable 




Cyprus, France, Germany, 
Italy, Netherlands, 
Portugal, Poland, Spain, 









Out of 1410 samples, 553 (39.2%) were positive 
for one or more of the target viruses. Adenoviruses 
were more prevalent than noroviruses (detected in 
36.4% and 9.4% of samples respectively) 
 
Freshwater sites showed a higher frequency of 
adenovirus positive samples than marine sites, 
41.1% (381/928) in fresh water, and 27.4% 
(132/482) in marine water 
 
(Wyn-Jones et al., 
2011) 
Kenya, rural and urban 
river water, wastewater 
stream tributary of Nairobi 
dam 
Adenovirus (AdV), 
enterovirus (EV), hepatitis A 
virus (HAV), rotavirus A 
(RoV A), sapovirus (SV), 
norovirus GI and GII (NoV 
GI and GII) 
PCR, nested RT-
PCR 
In the wastewater stream, four or more enteric 
viruses were detected in 10/10 of the samples 
analysed, but no sample tested positive for all 
viruses. EV and RoV were present in all samples. 
NoV GI, NoV GII, HAdV and SaV were detected 
in  9⁄∕10,  HAV  in  8⁄∕10  and  HAstV  in  6⁄∕10. 
 
Rural and urban rivers were positive for AstV 
(6/19), EV (3/19), RoV A (3/19), NoV GII (3/19), 
(Kiulia et al., 
2010) 
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Sampling site Virus Detection 
method 
Findings Reference 
AdV (2/19), NoV GI (1/19), and SV (1/19). HAV 
was not detected. 
 
No seasonal pattern in the prevalence of the enteric 
viruses was noted as viruses were detected in both 
the wet and dry seasons. 
 
Gauteng, South Africa 
surface waters for domestic 
and recreational purposes, 
Klip River and Vaal Dam 
Hepatitis A virus (HAV), 
human astrovirus (HAstV) 
RT-PCR HAV was detected in 18 (35.3%) of the river and 
19 (37.3%) of the dam water samples. 
 
HAstV was detected less frequently and was 
present in 11 (21.6%) of the river and 3 (5.9%) of 
the dam water samples. 
 
A seasonal pattern was noted for HAV but not for 
HAstV. HAV was present throughout the year with 
a seasonal peak being evident in both the river and 
the dam water in early spring. 
 
(Taylor et al., 
2001) 
Singapore, urban water 
catchment, surface water 
Norovirus, astrovirus, 
enterovirus, adenovirus and 
hepatitis A viruses 
Nested PCR At least one virus was detected in 70 out of 84 
samples. 
 
Adenovirus 35.7%, astrovirus 50%, enterovirus 
40%, norovirus GI 54.8%, norovirus GII 69%, 
hepatitis A virus 8.9% 
 
Noroviruses were determined to be the most 
prevalent enteric viruses, followed by astroviruses, 
enteroviruses, adenoviruses and hepatitis A 
viruses. 
(Aw and Gin, 
2011) 
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Singapore, urban water 
catchment, estuarine bay, 
clinical isolates 
Norovirus GI and GII seminested RT-
PCR 
Prevalence of norovirus GI and GII. 
Noroviruses were detected in 43/60 (71.7%) water 
samples. Of these 43 norovirus-positive samples, 
both GI and GII strains were identified in 23 
(53.5%) water samples. 
 
Environmental and clinical norovirus GII/4 isolates 
showed high levels of nucleotide sequence identity 
to each other and to the novel GII/4 variant 
associated with global epidemics of gastroenteritis 
during 2006. 
 
Emergence and circulation of multiple novel 
norovirus GI and GII genotypes in water 
environments. 
 
(Aw et al., 2009) 
Japan, tap water Norovirus qPCR 4 (4.1%) and 7 (7.1%) of 98 tap water samples 
(100 to 532 liters) contained a detectable amount of 
norovirus GI and GII 
 
(Haramoto et al., 
2004) 
China, effluents from 
wastewater treatment 
plants and receiving 
streams in Beijing 
Rotavirus RT-qPCR, ICC-
RT-qPCR 
ICC-RT-qPCR was able to detect more positive 
samples than RT-qPCR, showing positive results 
for 67% of primary effluents, 47% of secondary 
effluents and 14% of tertiary effluents, in 
comparison with 44, 22 and 6% by RT-qPCR. 
 
Seasonal variations of rotaviruses were observed in 
all effluents with higher occurrences in winter than 
in summer, which correlated well with the seasonal 
(Li et al., 2011) 
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Sampling site Virus Detection 
method 
Findings Reference 
pattern of rotaviruses in the river receiving 
wastewater effluents. 
 
Secondary treatments can remove most of 
infectious rotaviruses in primary sewage (average 
reduction of 2 to 2.8 log10). 
 
Korea, groundwater wells Norovirus, enterovirus, 
rotavirus, hepatitis A virus, 
adenovirus, somatic and F-
specific phages, total 
coliforms, E. coli 
qPCR NoVs were detected in 18% of the 39 samples in 
which 5/7 were GI and 2/7 were GII. Enteroviruses 
and Advs were detected in two and three samples, 
respectively. Rotavirus and hepatitis A virus were 
not detected. 
 
Total coliforms, E. coli and coliphages were 
detected in 49%, 15% and 13% of the samples, 
respectively, but did not appear to be suitable 
indicators of enteric virus contamination in 
groundwater. 
 
(Jung et al., 2011) 
Korea, urban rivers Adenovirus (AdV), 
enterovirus (EV), reovirus 
(ReVs), hepatitis A virus 
(HAV), rotavirus (RoV), and 
sapovirus (SV) 
RT-nested PCR Among 58 samples, 45 (77.6%) showed positive 
for AdV, 32 (55.2%) for EV, 12 (20.7%) for ReV, 
2 (3.4%) for HAV, 4 (6.9%) for RoV, and 4 (6.9%) 
for SV. 
 
Using binary logistic regression model, the 
occurrence of each enteric virus was not 
statistically correlated with faecal coliforms and 
water temperature (P<0.05) except for ReV and 
HAV. 
 
(Lee and Kim, 
2008b) 
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Sampling site Virus Detection 
method 
Findings Reference 
Only 4 samples were negative for AdV while 
positive for other enteric viruses, hence detection 
of AdV by PCR can be a useful index for the 
presence of other enteric viruses in aquatic 
environments. 
 
Indonesia, flood water, 
river water, groundwater, 
tap water 
Enterovirus, hepatitis A virus, 
norovirus, adenovirus 
qPCR, RT-qPCR Prevalence of enterovirus, hepatitis A virus, 
norovirus (G1, G2) and adenovirus; 
1 out of 3 groundwater wells in the flooded area 
was contaminated with all viruses tested while no 
viruses were found in groundwater samples in non-
flooded areas and tap water samples. 
 
Flooding posed a higher risk of viral infection to 
the people through contamination of drinking water 
sources or direct contact with floodwaters. 
 
(Phanuwan et al., 
2006) 
Thailand, Chaophraya 
River, canal beside a 
congested community, raw 
domestic sewage, swamp 
containing sewages 
 
Rotavirus Nested RT-PCR 
 
Rotavirus RNA was detected in 20 samples 
(16.7%). 
In 20 of 120 samples where rotaviruses were 
found, faecal coliforms including E. coli were also 
found. In samples negative for rotavirus, 76 were 
positive for faecal coliforms and 69 for E. coli. 
 
(Kittigul et al., 
2005) 
Thailand, surface water, 
swamp, canal, river, and 
tap water 
Hepatitis A virus (HAV) Nested RT-PCR HAV was found in 6/40 (15%) swamp samples, in 
3/30 (10%) canal samples. 
 
10/10 river samples and 100/100 tap water samples 
were negative for HAV. 
(Kittigul et al., 
2006) 
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2.2.2 Enteric viruses in sewage 
Ingestion of sewage-contaminated water or food is the main route of infection for 
human enteric viruses. Waterborne infections may be acquired through shellfish grown in 
contaminated waters, contaminated drinking water, food crops grown in land irrigated with 
wastewater and/or fertilized with sewage, and sewage-polluted recreational waters (Bosch et 
al., 2006).  
Enteric viruses are introduced to aquatic environments from leaking sewage and 
septic systems, urban and agricultural runoff. They are also routinely introduced into 
receiving water bodies through discharge of untreated or poorly treated wastewater (Fong and 
Lipp, 2005, Bosch et al., 2006). Conventional treatment processes such as chlorination do not 
remove viruses as effectively compared to bacteria (Armon et al., 2007). A four-log reduction 
of bacterial indicators is not uncommon during water/wastewater treatment.  However, it is 
more difficult to achieve this reduction with viruses (see Table 2.4 below). 
The variability in removal of different virus types necessitates a careful selection of 
adequate viral indicators to evaluate wastewater treatment efficiency and to ensure water 
safety (Hata et al., 2012). Monitoring for a suite of indicator organisms is more likely to be 
predictive of the presence of certain pathogens in reclaimed water. Discriminant analysis 
using composite data on total and faecal coliforms, enterococci, C. perfringens, and F-specific 
coliphages resulted in the relatively accurate prediction of the presence or absence of enteric 
viruses, Giardia, Cryptosporidium oocysts, and infectious Cryptosporidium, although more 
study is required (Harwood et al., 2005). 
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Table 2.4 Reduction of enteric viruses during water treatment 






Detection rate or 
quantity  
Reference 
Israel Chlorination FRNA culture 0.265  (Armon et al., 
2007)  Enterococci culture 3.33  
  Faecal coliforms culture 2.979   
       
Singapore 
 
Raw sewage Adenovirus qPCR  9.4x104 GC/100ml (Aw and Gin, 
2010)  Astrovirus qPCR  3.7x106 GC/100ml 
  Norovirus GI qPCR  3.2x105 GC/100ml  
  Norovirus GII qPCR  2.3x105 GC/100ml  
  Somatic coliphage culture  1.8x105 PFU/100ml  
  F+ coliphage culture  4.3x104 PFU/100ml  
       
 Secondary effluent Adenovirus qPCR  1x103 GC/100ml  
 Astrovirus qPCR  3.9x103 GC/100ml  
  Norovirus GI qPCR  7.1x103 GC/100ml  
  Norovirus GII qPCR  5.2x103 GC/100ml  
  Somatic coliphage culture 2.4 102 PFU/100ml  
  F+ coliphage culture 2.4 102 PFU/100ml  
       
 Primary and secondary treatment 
(8-12h) 
Somatic coliphage culture  104 PFU/L (16/16) (Gantzer et al., 
1998) 
 B. fragilis phage culture  101-103 PFU/L 
(16/16) 
 Enteroviruses culture  100-101 MPN/L 
(5/16) 
 
       
 Primary and secondary treatment 
(30h) 
Somatic coliphage culture  103-104 PFU/L 
(16/16) 
 
 B. fragilis phage culture  101 PFU/L (7/16)  
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Detection rate or 
quantity  
Reference 
 Enteroviruses culture  (0/16)  
       
 Primary, secondary (30h), and 
tertiary treatment 
Somatic coliphage culture  102-103 PFU/L 
(16/16) 
 
       
Japan Activated sludge, chlorination and 
sand filtration 
FRNA GI qPCR 0.49  (Hata et al., 2012) 
 Norovirus GIV qPCR 1.29  
 Norovirus GI qPCR 1.58  
 FRNA GII qPCR 2.04  
 Polyomavirus BK qPCR 2.18  
  Enterovirus qPCR 2.29   
  Norovirus GII qPCR 2.35   
  Astrovirus qPCR 2.63   
  Adenovirus qPCR 2.69   
  F+ coliphage culture 3.08   
  Polyomavirus JC qPCR 3.19   
  Sapovirus qPCR 3.31   
  FRNA GIII qPCR 3.39   
  Total Coliform culture 4.07   
  E. coli culture 4.74   
 
 
      
 Activated sludge FRNA GI qPCR 0.83   
 Norovirus GIV qPCR 1.40   
  Norovirus GI qPCR 1.65   
  FRNA GII qPCR 2.50   
  Polyomavirus BK qPCR 2.29   
  Enterovirus qPCR 2.20   
  Norovirus GII qPCR 1.81   
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Detection rate or 
quantity  
Reference 
  Astrovirus qPCR 2.42   
  Adenovirus qPCR 1.88   
  F+ coliphage culture 2.67   
  Polyomavirus JC qPCR 2.99   
  Sapovirus qPCR 3.28   
  FRNA GIII qPCR 2.86   
  Total Coliform culture 2.46   
  E. coli culture 2.72   
       
 Chlorination FRNA GI qPCR 0.09   
  Norovirus GIV qPCR 0.15   
  Norovirus GI qPCR 0.38   
  FRNA GII qPCR -0.19   
  Polyomavirus BK qPCR 0.09   
  Enterovirus qPCR 0.12   
  Norovirus GII qPCR 0.49   
  Astrovirus qPCR 0.13   
  Adenovirus qPCR 0.11   
  F+ coliphage culture 0.24   
  Polyomavirus JC qPCR -0.33   
  Sapovirus qPCR -0.04   
  FRNA GIII qPCR 0.14   
  Total Coliform culture 0.47   
  E. coli culture 0.42   
       
 Sand filtration FRNA GI qPCR -0.43   
  Norovirus GIV qPCR -0.26   
  Norovirus GI qPCR -0.45   
  FRNA GII qPCR -0.12   
  Polyomavirus BK qPCR 0.08   
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Detection rate or 
quantity  
Reference 
  Enterovirus qPCR 0.48   
  Norovirus GII qPCR 0.05   
  Astrovirus qPCR -   
  Adenovirus qPCR 0.71   
  F+ coliphage culture 0.16   
  Polyomavirus JC qPCR 0.44   
  Sapovirus qPCR 0.07   
  FRNA GIII qPCR 0.21   
  Total Coliform culture 1.13   
  E. coli culture 1.60   




Influent Faecal coliform culture  100% (Harwood et al., 
2005)  Enterococci culture  100% 
  F+ and somatic 
coliphages 
culture  100%  
  F+ coliphage culture  100%  
  Enteric viruses culture  100%  
       
 Activated sludge Faecal coliform culture  97%  
 Enterococci culture  94%  
  F+ and somatic 
coliphages 
culture  97%  
  F+ coliphage culture  93%  
  Enteric viruses culture  73%  
       
 Filtered effluent Faecal coliform culture  65%  
 Enterococci culture  84%  
  F+ and somatic 
coliphages 
culture  83%  
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Detection rate or 
quantity  
Reference 
  F+ coliphage culture  80%  
  Enteric viruses culture  58%  
       
 Disinfected effluent Faecal coliform culture  27%  
 Enterococci culture  27%  
  F+ and somatic 
coliphages 
culture  38%  
  F+ coliphage culture  45%  
  Enteric viruses culture  31%  
       
Netherlands 
 
Raw sewage FRNA culture  1800 PFU/mL (Havelaar et al., 
1993)  Faecal coliform culture  20000 CFU/mL 
       
 Secondary effluent FRNA culture  39 PFU/mL  
 Faecal coliform culture  580 CFU/mL  
       
 Coagulated effluent FRNA culture  13 PFU/mL  
 Faecal coliform culture  63 CFU/mL  
       
 Chlorinated effluent FRNA culture  30 PFU/mL  
 Faecal coliform culture  10 CFU/mL  
       
 UV-irradiated effluent FRNA culture  6.2 PFU/mL  
 Faecal coliform culture  2.3 CFU/mL  
       
  B. fragilis phage culture  101 PFU/L (1/16)  
 Enteroviruses culture  (0/16)  
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2.3 Risk assessment 
Human health risk assessments in recreational waters are usually based on 
epidemiological studies that demonstrate relationships between faecal indicators and the 
occurrence of swimming related illnesses (Prüss, 1998). Some studies have served as a guide 
in setting water quality criteria to protect public health. For example, the development of 
existing USEPA water quality criteria for recreational waters were based on epidemiological 
studies that related concentrations of faecal indicator bacteria at recreational waters impacted 
primarily by point sources of human sewage (USEPA, 1986, USEPA, 2007, USEPA, 2012a). 
In Germany, guide values for recreational water quality were proposed based on 
epidemiological studies in freshwater bathing sites. No-observed-adverse-effect levels 
(NOAELs) and relative risks for four faecal indicators, including somatic coliphages, were 
calculated based on incidence rates of gastroenteritis in swimmers and non-swimmers. 
Bathers were assigned a zone in the water while non-bathers stayed on the beach, and in 
parallel, water quality was monitored using standard methods for E. coli (ISO 7899-1), 
enterococci (ISO 9308-3), C. perfringens (European Commission 2005), and somatic 
coliphages (ISO 10705-2). Participants underwent medical inspection and interview one week 
and three weeks after exposure. Based on the NOAELs, the following health-based criteria 
were suggested: 100 E. coli, 25 enterococci, 10 somatic coliphages, or 10 C. perfringens per 
100ml (Wiedenmann et al., 2006). 
Quantitative microbial risk assessment (QMRA) differs from epidemiological studies 
in that epidemiological studies measure actual levels of disease in the population while 
QMRA estimates risks based on concentrations of pathogens in the environment and the 
infectivity of those pathogens to humans (Hunter et al., 2003). Instead of monitoring 
incidence rates directly, the probability of acquiring an infection or illness is estimated based 
on probable exposure and dose-response. The most commonly used framework for QMRA is 
based on a chemical risk assessment paradigm involving four steps: 1) hazard identification, 
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2) dose-response analysis, 3) exposure assessment and 4) risk characterization (Haas and 
Eisenberg, 2001, Haas et al., 1999, NRC, 1983, Sobsey et al., 1993).  
Dose-response analysis examines the relationship between the administered dose and 
the probability of infection in the exposed population (Haas et al., 1999). An experimental set 
of data from feeding trials is used to generate dose-response curves fitted using exponential or 
beta-Poisson models (Haas and Eisenberg, 2001). In the exponential model, the probability of 
infection (Pinf) is a function of the dose-response parameter (r) and the ingested dose. 
Pathogens that are well described by this model are adenovirus (Couch et al., 1966, Crabtree 
et al., 1997), hepatitis A virus (Ward et al., 1958) and poliovirus (Koprowski, 1956). 
Equation 2.1 
𝑃௜௡௙ = 1 −  𝑒ିௗ௢௦௘  ×  ௥ 
On the other hand, the beta-Poisson model is described using two parameters, ie. the 
median infectious dose (N50) and a slope parameter (α). Echovirus (Schiff et al., 1984) and 
rotavirus (Haas et al., 1993, Ward et al., 1986) are examples described by this model. 
Equation 2.2 








The actual dose or amount of pathogen from drinking or recreational waters that an 
individual consumes is generally unknown and difficult to measure (Hunter et al., 2003). 
Instead, occurrence and survival data are used to estimate the concentration of pathogens at 
the exposure site, multiplied by the volume (V) of contaminated water ingested and the 
duration of exposure. Typically, drinking water consumption is estimated to be 1 liters per 
day for adults, while exposure through contact recreation is estimated to be 100 ml per day, 
although actual data to validate these numbers are lacking (Gerba et al., 1996b, Haas and 
Eisenberg, 2001). In a more detailed study, water ingestion during swimming activities 
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ranged between 0 to 53ml for adults and 0 to 154ml for children. Mean ingestion per 45 
minutes of pool swimming was estimated to be 16 ml for adults and 37 ml for children 
(Dufour et al., 2006). Water ingestion during limited-contact recreation on surface waters was 
estimated to be about 3-4 ml (mean) and 10-15 ml (upper confidence estimate) (Dorevitch et 
al., 2011). 
Other factors to consider in estimating the exposure dose are concentration of 
pathogens (C) in the water, recovery (R), viability or the fraction of the detected pathogens 
that is capable of infection (I), volume ingested (V) and removal or inactivation efficiency of 
the treatment process (DR) (Teunis et al., 1997). The simplest formula to estimate exposure is 
given below. 
Equation 2.3 
𝐷𝑜𝑠𝑒 = 𝐶 ×
1
𝑅
× 𝐼 × 10ି஽ோ × 𝑉 
A single point estimate of exposure combined with a dose-response parameter will 
yield a point estimate of risk. Alternatively, by compounding uncertainty distributions of 
dose-response and exposure estimates using Monte Carlo simulation, the uncertainty 
distribution of risk can be estimated. In the Monte Carlo computation, 10,000 iterations are 
usually employed to produce a reliable estimate of the 95% confidence intervals (Haas and 
Eisenberg, 2001, Haas et al., 1993). 
Calculated risks are then compared to acceptable risk levels to protect public health. 
Using a predefined probability approach, USEPA required microbial risks from drinking 
water to be less than 1 infection per 10,000 people per year (0.0001) with Giardia as a 
reference organism (Hunter and Fewtrell, 2001). For recreational waters, thresholds for 
gastroenteritis rates are 8 per 1,000 swimmers in freshwaters (0.008) and 19 per 1,000 in 
marine waters (0.019) based on the 1986 ambient water quality criteria (USEPA, 1986); and 
36 per 1000 primary contact users based on the 2012 recreational water quality criteria 
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(USEPA, 2012a). The definition of gastrointestinal disease changed from highly credible 
gastrointestinal illness (HCGI) in the former to new gastrointestinal illness (NGI) in the latter, 
in which fever no longer had to co-occur with the other symptoms of gastrointestinal illness. 
The risk level of 19/1000 HCGI and 36/1000 NGI pertain to the same level of outcome. On 
the other hand, WHO employs a disease burden approach with a limit of of 10-6 disability-
adjusted life years (DALYs) per person per year (pppy) which should not be exceeded for all 
water-related exposures. For developing regions, 10−5 to 10−4 DALYs per person per year was 
suggested (Fewtrell and Bartram, 2001). 
Listed below in Table 2.5 are some applications of QMRA for various pathogens in 
recreational waters. Most of these studies utilize dose-response models and exposure 
assumptions from literature. However, QMRA estimates contain uncertainties associated with 
the selection of reference pathogens and dose–response models (Ashbolt, 2015). For instance, 
some dose-response models are developed from clinical trials where subjects are administered 
fresh suspensions of virions measured by infectivity assays. However, in the environment, 
more aged virions are typically present and are measured by qPCR (Ashbolt, 2015). For 
human adenoviruses, the dose-response model was developed based on adenovirus 4 which 
causes respiratory illness through inhalation of particles (Couch et al., 1966). However, 
adenoviruses that cause gastroenteritis are types 40 and 41 which are transmitted via the 
faecal-oral route. Moreover, the dose-response model for adenovirus 4 is given in infectious 
dose (Crabtree et al., 1997). To harmonize infectious units and qPCR measurements, a factor 
of 700 genomes to one TCID50 is suggested by Kundu et al. (2013). For noroviruses, the dose-
response model was developed based on norovirus GI. The previous dose-response model is a 
hypergeometric function that accounted for virus aggregation and variable susceptibility 
among hosts (Teunis et al., 2008). Using a combination of previous data sets, Messner et al. 
(2014) developed a simpler model where hosts are considered either perfectly susceptible or 
perfectly immune. The fractional Poisson model for noroviruses is a simplified model that 
takes into account an aggregated dose, which is equivalent to the number of genomes divided 
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by  the  mean  number  of  genomes  per  aggregate  (μ=1106)   (Messner et al., 2014). Therefore, 
because of uncertainties, the application of QMRA is more suited to evaluate relative risks 
based on different scenarios, rather than absolute risks, to aid in management and 
development of water safety plans (Ashbolt, 2015). 
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Table 2.5 Microbial risk assessment in different water types 
Viral pathogen Dose-response model Exposure pathway Findings Reference 
Rotavirus Rotavirus (beta-Poisson, 
α=0.26, β=0.42, Pill/inf=0.5) 
Ingestion of drinking water 
(V=2L for child and adult, 
4L for elderly) and 
recreational waters during 
swimming (V=100ml) 
Illness rate for drinking 
water ranged from 0.005 to 
0.8 per day. 
Illness rate for recreational 
water ranged from 0.0143 to 
0.416 per day. 
 
(Gerba et al., 1996b) 
Enteric viruses Adenovirus (exponential, 
r=0.417) 
Ingestion of bathing water 
during swimming 
(V=100ml) 
Risk of infection ranged 
from 0.24 to 2.4 per 1000 
swimmers per day at 
Washington Park; and 0.26 
to 1.8 per 1000 swimmers 
per day at Silver Beach. 
 




Echovirus 12 (exponential, 
r=0.0128, Pill/inf=0.25-0.75), 




Ingestion of coastal ocean 
water during swimming, 
near polluted stream water 
discharge (V=ln-normal 
distribution with 
mean=2.92 and stdev 1.43; 
Dilution=log-uniform 
distribution from 0.01 to 1) 
 
Illness risk from adenovirus 
ranged from 0 to 0.7, 
norovirus ranged from 0 to 
0.5, enterovirus ranged from 
0 to 0.2. 






Exposure to recreational 
waters impacted by animal 
faeces (V=lognormal 
distribution based on 
(Dufour et al., 2006) 
Illness risks associated with 
fresh cattle faeces may not 
be substantially different 
from waters impacted by 
human sources. Risks 
associated with fresh gull, 
chicken, or pig faeces appear 
substantially lower than 
(Soller et al., 2010b) 
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Viral pathogen Dose-response model Exposure pathway Findings Reference 













r=0.4172, Pill/inf=0.5)  
 
Ingestion during recreation 
(V=33 ml as baseline, 
10ml and 150ml for 
sensitivity analysis) 
Majority of illnesses appear 
to be caused by only a few 
reference pathogens present 
in the effluent, with 
norovirus by far the most 
important reference 
pathogen used.  
(Soller et al., 2010a) 




Pill/inf=0.68   
Accidental ingestion of 
recreational water at 
beaches (V=lognormal  
distribution, μ=2.92, 
σ=1.43)  
Illness risk from gulls was 
greater than from sewage 
only when gulls represent 
>98% of faecal indicator 
load. Therefore, the 
dominant source of faecal 
indicator at a recreational 
beach may not be the source 
of dominant risk. Little fresh 
sewage contamination mixed 
with non-sewage sources 
may be the dominant risk. 
 




Adenovirus 4  (exponential, 
r=0.417, Pill/inf=0.5), 








swimming (V=10, 50 and 
100ml/hr) 
Norovirus is the most 
dominant predicted health 
risk. Even after source 
concentrations have been 
reduced 30 times. 
 
 
(McBride et al., 2013) 
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Viral pathogen Dose-response model Exposure pathway Findings Reference 
β=0.4265, Pill/inf=0.35) 
 
Norovirus Norovirus (Hypergeometric 
α=0.04, β=0.055, 
Pill/inf=0.6)   
Volumes were estimated 
from mixtures of water, 
sewage and treated 
municipal wastewater   
Significant GI risk is most 
likely due to a combination 
of untreated sewage and 
treated municipal wastewater 
effluent. 
 
(Schoen et al., 2011) 
Adenovirus Adenovirus (exponential, 
r=0.4172, and 0.02, 0.48 
and 0.61 for sensitivity 
analysis) 
Ingested volume followed 
Pert distribution (V=10, 50 
and 100ml/hr for adults, 
and 20, 100 and 200ml/hr 
for children) 
 
The mean risks of GI illness 
for adults and secondary 
contact were 1.9% and 1.0%, 
respectively 
(Kundu et al., 2013) 
Adenovirus, rotavirus, 












Ingestion during recreation 
(V=100ml), domestic use 
(V=10ml) and irrigation 
(V=1ml) 
The estimated daily risks of 
infection values ranged from 
0.00731 to 1 for HAdV, 
0.0423 to 0.654 for RoV, 
0.000232 to 0.173 for HAV 
and 0.000132 to 0.0570 for 
EnV. 
(Chigor et al., 2014) 
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2.4 Associations between viruses, indicators and environmental 
parameters 
2.4.1 Statistical correlation  
Somatic and male-specific coliphages have been proposed as alternative water quality 
indicators for the presence of enteric viruses. They are better suited as viral indicators than 
traditional faecal indicator bacteria since their morphology and behavior are more similar to 
enteric viruses (Allwood et al., 2003, Armon, 1993, Borrego et al., 1987, Love and Sobsey, 
2007, Stetler, 1984). Coliphages have been found to correlate better with the presence of 
enteric viruses in different water matrices than traditional bacterial indicators (Table 2.6). In 
seawater, the presence of male-specific and somatic coliphages in Massachusetts Bay were 
significantly correlated to the presence of enteric viruses (r = 0.682, P < 0.05) but not to the 
presence of indicator bacteria (Ballester et al., 2005). Correlations (r = 0.5 or higher) were 
also observed between F+ coliphage, adenovirus, rotavirus and enterovirus, and between 
somatic coliphage, adenovirus and enterovirus; whereas astrovirus was not correlated with 
any of the phages (Ballester et al., 2005). 
In freshwater, enteric viruses were better correlated with FRNA coliphages in river (r = 
0.625, P < 0.01) and lake water (r = 0.461, P < 0.01) in the Netherlands, than with 
thermotolerant coliforms (r = 0.479, P < 0.01) and faecal streptococci (r = 0.515, P < 0.01) in 
river water; while no correlations were observed between enteric viruses and bacterial 
indicators in lake water (P > 0.05) (Havelaar et al., 1993). Positive correlations were also 
observed between concentrations of human adenoviruses and human-specific coliphages 
(FRNA GII) (r = 0.493, P < 0.05) and somatic coliphages (r = 0.593, P < 0.05) in Muerthe 
River, France (Ogorzaly et al., 2009).  
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Coliphages were also found to correlate better with viruses during water treatment than 
traditional indicators. Enteric viruses were better correlated with FRNA coliphages in 
coagulated and UV-treated wastewater effluent (r = 0.5 or higher) than thermotolerant 
coliforms and faecal streptococci (Havelaar et al., 1993). Enterovirus isolates were also better 
correlated with coliphages (r = 0.54, P < 0.01) than with total coliforms, faecal coliforms, 
faecal streptococci, or standard plate count organisms during water treatment (Stetler, 1984). 
In Singapore, significant correlations between somatic coliphages and adenoviruses (P < 
0.05) and between male-specific coliphages and noroviruses GII (P < 0.01) were found in 
sewage samples (Aw and Gin, 2010). 
Correlations were also observed between faecal indicators and environmental 
parameters (rainfall, water temperature and salinity) in estuarine waters. Among 
environmental factors, stronger correlations were observed between rainfall and E. coli, faecal 
coliforms and F+ coliphages with r values of 0.31, 0.29 and 0.26 respectively (P < 0.05) 
(Love et al., 2010). 
Nonetheless, associations between enteric viruses and indicators are not always found. 
A study conducted in Newport Bay watershed found no significant correlation between the 
occurrence of enterovirus and adenovirus viral genome detected by PCR with either faecal 
indicator bacteria or with F+ coliphage (Jiang et al., 2007). A lack of correlation was also 
observed between the genogroup distribution of FRNA phages and the occurrence of HAdV 
genomes in a wastewater treatment plant in Japan (Haramoto et al., 2009). Similarly, in 
wastewater reclamation facilities in the United States, no significant correlation between 
concentrations of any combination of indicator organism (total coliforms, faecal coliforms, 
enterococci, C. perfringens, F-specific coliphages) and pathogen (enteric viruses, 
Cryptosporidium oocysts and Giardia cysts) was observed although indicators correlated with 
each other. The failure of measurements of single indicator organism to correlate with 
  48 
pathogens suggested that public health is not adequately protected by simple monitoring 
schemes based on detection of a single indicator (Harwood et al., 2005). 
The extent to which pathogens and indicators are correlated may be affected by the 
sources of pollution and detection methods used. Correlations between viruses and coliphages 
were stronger in seawater and freshwater studies with known sources of pollution (Ballester 
et al., 2005, Borrego et al., 1987, Ogorzaly et al., 2009) than in studies with non-point sources 
of pollution such as storm and urban runoff (Jiang et al., 2007, Jiang and Chu, 2004). In lake 
water impacted by non-human sources of pollution, bacterial indicators remained in high 
numbers in the absence of human enteric viruses resulting in a lack of correlation between the 
two (Havelaar et al., 1993). Correlations were also stronger in studies that utilized culture 
assays for detection of pathogens and indicators (Ballester et al., 2005, Havelaar et al., 1993) 
or utilized molecular methods for detection of both (Ogorzaly et al., 2009), than in studies 
that utilized molecular methods for pathogens and culture assays for indicators (or vice versa) 
(Jiang et al., 2001, Jiang and Chu, 2004). Therefore, correlations between viral pathogens and 
indicators in the environment (or the lack thereof) should be interpreted in view of these 
conditions.  
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Table 2.6 Association between viruses, indicators and environmental parameters 
Water Parameters Pearson Spearman  Alpha=α Ref 
Seawater, USA F+ coliphage Enteric viruses 0.682  0.05 (Ballester et 
al., 2005)  F+ coliphage Somatic 0.891   
 F+ coliphage Adenovirus 0.651    
 F+ coliphage Astrovirus 0.122    
 F+ coliphage Rotavirus 0.692    
 F+ coliphage Enterovirus 0.608    
 Somatic coliphage Astrovirus 0.06    
 Somatic coliphage Adenovirus 0.672    
 Somatic coliphage Rotavirus 0.504    
 Somatic coliphage Enterovirus 0.419    
 Coliphage Indicator bacteria 0    
       
Seawater, Brazil Somatic coliphage Faecal coliform   0.0001 (Burbano-
Rosero et al., 
2011) 
Somatic coliphage E. coli   0.0001 
Somatic coliphage 
 
Temperature -0.336  0.004 
Seawater, Beaches 
Spain 
Coliphage Faecal coliform 0.8501  0.001 (Borrego et 
al., 1987) Coliphage Salmonella 0.906  0.001 
 Faecal coliform Salmonella 0.680  0.001  
 Total coliform Salmonella 0.740  0.001  
 Faecal streptococci 
 
Salmonella 0.801  0.001  
Seawater, Beaches 
Spain 
FRNA coliphage Total coliform 0.41  0.001 (Ibarluzea et 
al., 2007) FRNA coliphage Faecal coliform 0.36  0.001 
 FRNA coliphage E. coli 0.39  0.001  
 FRNA coliphage Enterococci 0.31  0.001  
 Somatic FRNA 0.49  0.001  
 Somatic Total coliform 0.71  0.001  
 Somatic Faecal coliform 0.69  0.001  
 Somatic E. coli 0.69  0.001  
 Somatic Enterococci 0.57  0.001  
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Water Parameters Pearson Spearman  Alpha=α Ref 
       
Estuarine water, 
Spain 
Coliphage Faecal coliform 0.6277  0.001  
Coliphage Salmonella 0.473  0.02  
 Coliphage Pseudomonas 
aeruginosa 
0.0056  >0.1  
 Faecal coliform Salmonella 0.367  0.1  
 Total coliform Salmonella 0.597  0.005  
 Faecal streptococci Salmonella 0.295  0.1  
       
Estuarine water, 
USA 
F+ coliphage Faecal coliform  0.460 0.05 (Love et al., 
2010) F+ coliphage E. coli  0.426 0.05 
 F+ coliphage Enterococci  0.367 0.05  
 F+ coliphage C. perfringens  0.286 0.05  
 F+ coliphage Somatic coliphage  0.456 0.05  
 F+ coliphage Salinity  -0.20 0.05  
 F+ coliphage Rain  0.26 0.05  
 Somatic coliphage Faecal coliform  0.572 0.05  
 Somatic coliphage E. coli  0.562 0.05  
 Somatic coliphage Enterococci  0.435 0.05  
 Somatic coliphage C. perfringens  0.621 0.05  
 Somatic coliphage Temperature  -0.26 0.05  
 Somatic coliphage Salinity  -0.16 0.05  
 C. perfringens Faecal coliform  0.584 0.05  
 C. perfringens E. coli  0.542 0.05  
 C. perfringens Enterococci  0.378 0.05  
 C. perfringens Salinity  -0.28 0.05  
 C. perfringens Rain  0.11 0.05  
 Enterococci Faecal coliform  0.694 0.05  
 Enterococci E. coli  0.768 0.05  
 Enterococci Salinity  -0.30 0.05  
 Enterococci pH  -0.35 0.05  
 Enterococci Rain  0.16 0.05  
 E. coli Faecal coliform  0.927 0.05  
 E. coli Salinity  -0.38 0.05  
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Water Parameters Pearson Spearman  Alpha=α Ref 
 E. coli DO  -0.34 0.05  
 E. coli pH  -0.49 0.05  
 E. coli Rain  0.31 0.05  
 Faecal coliform Salinity  -0.38 0.05  
 Faecal coliform DO  -0.32 0.05  
 Faecal coliform pH  -0.46 0.05  
 Faecal coliform Rain  0.29 0.05  
       
River water, Spain Coliphage Faecal coliform 0.7840  0.001 (Borrego et 
al., 1987) 
 Coliphage Salmonella 0.538  0.001  
 Coliphage Pseudomonas 
aeruginosa 
0.7909  0.001  
 Faecal coliform Salmonella 0.480  0.005  
 Total coliform Salmonella 0.417  0.01  
 Faecal streptococci 
 
Salmonella 0.297  0.01  
River water, 
France 
FRNA GII E. coli 0.615  0.002 (Ogorzaly et 
al., 2009) 
 FRNA GII Enterococci 0.501  0.015 
 FRNA GII Somatic coliphage 0.330  0.125  
 FRNA GII Adenovirus 0.493  0.017  
 FRNA GII Turbidity -0.147  0.502  
 FRNA GI FRNA GII 0.215  0.324  
 FRNA GI E. coli 0.398  0.06  
 FRNA GI Enterococci 0.184  0.401  
 FRNA GI Somatic coliphage 0.254  0.242  
 FRNA GI Adenovirus -0.056  0.799  
 FRNA GI Turbidity 0.489  0.018  
 E. coli Enterococci 0.825  0.0001  
 E. coli Somatic coliphage 0.596  0.003  
 E. coli Adenovirus 0.513  0.012  
 E. coli Turbidity 0.328  0.127  
 Enterococci Somatic coliphage 0.721  0.0001  
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Water Parameters Pearson Spearman  Alpha=α Ref 
 Enterococci Adenovirus 0.616  0.002  
 Enterococci Turbidity 0.255  0.240  
 Somatic coliphage Adenovirus 0.593  0.03  
 Somatic coliphage Turbidity 0.382  0.072  
 Adenovirus Turbidity 0.008  0.973  
       
River water, 
Netherlands  
FRNA coliphage Enterovirus 0.591  0.01 (Havelaar et 
al., 1993) 
FRNA coliphage Enteric viruses 0.625  0.01  
       
Lake water, 
Netherlands 
FRNA coliphage Enterovirus 0.468  0.01  
FRNA coliphage Enteric viruses 0.461  0.01  
       
       
Sewage, Singapore Somatic coliphage Adenovirus   0.05 (Aw and Gin, 
2010) F+ coliphage Norovirus GII   0.01 




Total coliform Faecal coliform  0.5986  0.0005 (Harwood et 
al., 2005) Coliphages C. perfringens  0.5303 0.0031 
F+ coliphage C. perfringens  0.4981 0.0060 
 F+ coliphage Coliphage  0.7915 0.0001  
       
Raw sewage, 
Netherlands 
FRNA coliphage Enterovirus -0.072   (Havelaar et 
al., 1993) FRNA coliphage Enteric viruses 0.504   
       
Secondary effluent FRNA coliphage Enterovirus -0.118    
FRNA coliphage Enteric viruses 0.250    
       
Coagulated 
effluent 
FRNA coliphage Enterovirus 0.475  0.05  
FRNA coliphage Enteric viruses 0.764  0.01  
       
UV-treated 
effluent 
FRNA coliphage Enteric viruses 0.508  0.05  
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Water Parameters Pearson Spearman  Alpha=α Ref 
Drinking water 
treatment plant 
Enterovirus  Coliphages  0.54 0.01 (Stetler, 
1984) 
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2.4.2 Multiple regression models 
The use of predictive models to aid in water quality monitoring is advantageous 
because it provides high-resolution estimates of water quality in space and time, based on 
easily measured environmental and water quality parameters. The presence of enteric viruses 
in water has been predicted using multiple regressions based on the presence of microbial 
indicators (Dutka et al., 1987, Havelaar et al., 1993, Wyer et al., 2012) and environmental 
parameters (Love et al., 2010, Wong et al., 2009) (Table 2.7). 
Dutka et al. (1987) showed that faecal coliforms and coliphages are positively 
correlated using data obtained from Ottawa River and Lake Ontario. Coliphage values were 
predicted using faecal coliform and faecal streptococci data, and a water quality guideline of 
20 coliphage/100ml for recreational fresh waters was proposed (Dutka et al., 1987). For 
marine environments data obtained from beaches in Brazil showed widely fluctuating ratios 
between indicator and pathogen. Forward stepwise regression method was performed on 
natural logs of the data to determine the best regression equation for representing coliphage as 
a function of other bacteriological parameters (Dutka et al., 1987). 
In another study in the Netherlands, concentrations of enteric viruses and 
enteroviruses were predicted using concentrations of indicator organisms, faecal coliform, 
faecal streptococci and FRNA coliphage (Havelaar et al., 1993). Water samples were obtained 
from a wide variety of environments, including raw sewage, secondary effluent, coagulated 
effluent, chlorinated and UV-irradiated effluents, river water, coagulated river water and lake 
water. It was shown that in all cases, FRNA coliphage concentrations were better predictors 
of virus concentrations than thermotolerant coliforms and faecal streptococci. The correlation 
between viruses and bacterial indicators were also found to be low in disinfected effluents and 
in surface water open to non-human faecal pollution (Havelaar et al., 1993). Data were log 
transformed before statistical analysis, and concentrations below the detection limit were set 
equal to this value. Model II regression analysis was performed using combined data 
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following Kruskal-Wallis test to determine whether samples from various water types were 
different from each other (Havelaar et al., 1993). 
Wyer et al. (2012) observed increasing proportions of human adenovirus (HAdV) 
positive results using nested PCR with increasing faecal indicator concentrations (E. coli, 
enterococci, somatic coliphage) in freshwater samples, while no statistical trends were 
observed for seawater samples. Given statistical trends, logistic regression was used to model 
the probability (p) of the sample being positive for HAdV using faecal indicators as predictor 
variables (Wyer et al., 2012). Indicator data were expressed as log-transformed concentrations 
and values above or below detection limits were assigned the detection limit values while 
virus data were considered categorical variables. The models were then used to calculate 
faecal indicator thresholds corresponding to 50% probability of HAdV presence. Calculated 
threshold values were 42 CFU/100ml for E. coli, 12 CFU/100ml for enterococci and 6 
PFU/100ml for somatic coliphage. Conversely, the probability of HAdV presence was 
calculated  using  “good”  water  quality  thresholds  set  in  the  European  bathing  waters  Directive  
2006/7/EC for inland waters. E. coli and enterococci values of 1000 and 400 CFU/100ml 
were equivalent to p=0.73 and p=0.78 respectively, which implied that recreational water 
users exposed to these levels will have a high probability (around 75%) of encountering 
HAdV DNA in 40 liters of water (Wyer et al., 2012). 
Aside from microbial indicators, environmental parameters have also been used to 
predict the presence of viruses in water. Estuaries in the United States were monitored for 
faecal indicators, enterococci, faecal coliforms, E. coli, C. perfringens, male-specific and 
somatic coliphage, which consequently correlated significantly with environmental factors 
such as rainfall, water temperature, salinity and sample collection time (Love et al., 2010). 
Collected data were log-transformed and multiple linear regressions were performed by 
forward addition using least squares approach. Linear regression equations from matched 
pairs of faecal indicators were used to predict coliphage concentrations. The single sample 
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criterion of 104 CFU/100 ml enterococci for US marine recreational water was equivalent to 
1.5 PFU/100ml or 2.4 MPN/100ml male-specific coliphage, and 79.4 PFU/100ml or 33.1 
MPN/100ml somatic coliphage; and the geometric mean criterion of 35 CFU/100 ml 
enterococci was equivalent to 1 PFU/100ml or 1.3 MPN/100ml male-specific coliphage, and 
38.9 PFU/100ml or 18.6 MPN/100ml somatic coliphage (Love et al., 2010).  
Wong et al. (2009) developed real-time water quality forecasting models to estimate 
the levels of viral pathogens in two beaches in Lake Michigan. The beaches were monitored 
for infectious enteric viruses by cell culture and it was found that predictive models of virus 
pollution were best described by physical parameters such as precipitation, solar insolation, 
wind speed, wind direction, turbidity and water temperature. Statistical analysis showed that 
precipitation, turbidity and wind speed were positively correlated to log (MPN) viruses while 
water temperature and solar insolation were negatively correlated. Given these interactions, 
the models were able to capture peaks of enteric virus concentrations at both beaches (Wong 
et al., 2009). Statistical analysis and multiple regressions were performed on log-transformed 
data of viral counts and assigned values of non-detects determined from a probability plot of 
detected values (Regression on Order Statistics, ROS). Precipitation and solar insolation data 
were also transformed using the square root and log10 functions respectively (Wong et al., 
2009). 
However, these models are not universally acceptable as pathogens and indicators may 
have different origins, which influence their occurrence patterns, and may have different 
behaviors in different water matrices. Havelaar et al. (1993) demonstrated that in lake water 
impacted by non-human sources of pollution, bacterial indicators occurred in high numbers in 
the absence of enteric viruses. Conversely, bacterial indicators occurred in low numbers in 
disinfected waters whereas enteric viruses are generally more persistent to disinfection 
(Havelaar et al., 1993). Thus, separate models were derived for each of the water types tested 
(Table 2.7). The same is true for models developed by Dutka et al. (1987) which resulted in 
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two very different models for lake water and river water also shown in Table 2.7 below. 
Regression models and best-fit parameters at different sites in the same water body can also 
differ, as was the case in Lake Michigan, where individual models for Silver Beach and 
Washington Park had to be derived (Wong et al., 2009). Therefore, an understanding of faecal 
sources, water type and prevailing environmental conditions are important when adapting 
existing or developing new models for a specific site. 
 The studies mentioned above have also applied data transformation using base 10 
logs (log10) or natural logs (ln) prior to regression analysis. This technique is commonly 
applied to achieve symmetry when analyzing environmental data that often tend to be 
skewed. Transformation of data is performed to achieve normality in distribution before 
parametric analyses are valid. For environmental data sets, treatment of censored data is 
necessary prior to log transformation. This may be done by 1) shifting values to one or higher, 
noting that adding large constants may introduce some error during regression (Ofungwu, 
2014), 2) substitution of detection limits, as seen in regression models previously mentioned 
(Havelaar et al., 1993, Wyer et al., 2012), and 3) regression on order statistics, also applied in 
previous studies (Wong et al., 2009).  
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Table 2.7 Predictive models 

















ln 𝑐𝑜𝑙𝑖𝑝ℎ𝑎𝑔𝑒 = 0.8294
+ 0.2255 ln𝐹𝐶 + 1.1415 ln𝐹𝑆 
 
 
ln 𝑐𝑜𝑙𝑖𝑝ℎ𝑎𝑔𝑒 = 1.6582
+ 0.6512 ln𝐹𝐶   ∙ 0.3305 ln 𝐸𝐶 
(Dutka et al., 
1987) 
      
Concentration of 
enterovirus (EV) 




















River and lake 
water 
log 𝐸𝑉 = −0.56 + 0.86 log 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
 
log 𝐸𝑁𝑇 = 0.10 + 1.05 log 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
 
 
log 𝐸𝑉 = −0.23 + 0.99 log 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
 
log 𝐸𝑁𝑇 = 0.80 + 0.99 log 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
 
 
log 𝐸𝑉 = −0.53 + 0.85 log 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
 
log 𝐸𝑁𝑇 = 0.17 + 0.98 log 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
 








coli (EC), enterococci 








𝑝 = 1 (1 + 𝑒ି௒)⁄   
 
𝑌 = 0.7127  𝐸𝐶 − 1.1519 
 
𝑌 = 0.8147  𝐸𝑁 − 0.8669 
 
𝑌 = 0.4597  𝑆𝑂𝑀 − 0.3429 
(Wyer et al., 
2012) 
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peak rainfall in 
previous 3 days  
Multiple linear 
regression 
Estuaries, USA 𝑆𝑂𝑀 = 𝐵𝑋௧௜௠௘ + 𝐵𝑋௥௔௜௡ + 𝐸 
 
𝐹+= 𝐵𝑋௦௔௟௜௡௜௧௬ + 𝐵𝑋௥௔௜௡ + 𝐸 
 
 








(P24), solar insolation 
(I), water temperature 
(T), turbidity (τ), 
wind speed (W), wind 
direction (ΦW), wind 
orientation (Φ’W), 
wind direction code 














𝑙𝑜𝑔ଵ଴(𝑦) = −144.670 − 79.242ඥ𝑃ଶସ + 19.9  𝑊
+ 4.352  𝜏 − 0.626  𝑁
− 13.214  𝑊ඥ𝑃ଶସ − 28.475  𝑘𝑇
+ 247.418  𝑘𝑙𝑜𝑔ଵ଴(𝐼)
+ 0.340  𝑇𝑙𝑜𝑔ଵ଴(𝐼) − 51.513  𝑘𝜏ඥ𝑃ଶସ 
 
𝑙𝑜𝑔ଵ଴(𝑦) = −2.97 − 2.003ඥ𝑃ଶସ −   0.494  𝑊
−   0.147𝜏 − 0.028  𝑁 + 0.319  𝑊ඥ𝑃ଶସ
−   1.235  𝑘𝑇 + 10.143  𝑘𝑙𝑜𝑔ଵ଴(𝐼)
+   0.099  𝑇𝑙𝑜𝑔ଵ଴(𝐼) + 0.148  𝑘𝜏ඥ𝑃ଶସ 
(Wong et al., 
2009) 
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2.5 Factors controlling the survival of viruses in water 
The persistence of pathogens in aquatic environments is a function of survival and 
transport (Brookes et al., 2004).  The differences in the ability of microbial indicators to 
survive in different conditions influence their prevalence in environmental waters and their 
ability to attribute their prevalence to specific sources of faecal contamination (Long and 
Sobsey, 2004). 
Among factors controlling the inactivation of viruses in the environment, temperature, 
solar radiation and the presence of indigenous microbes have the greatest influence (Gordon 
and Toze, 2003, Lo et al., 1976). Temperature, rather than salinity, was shown to be the 
critical factor affecting the survival of viruses, as higher temperatures led to a more rapid loss 
of viral infectivity (Lo et al., 1976). A study by Noble et al. (2004) showed that temperature 
and solar irradiation had more significant effects on the inactivation rates of viruses compared 
to nutrient level, total suspended solids and water matrix. Nonetheless, other studies have 
suggested that the influence of temperature and oxygen on the inactivation of viruses is 
secondary to the presence of indigenous groundwater microorganisms (Gordon and Toze, 
2003). However, more studies have focused on the influence of temperature and UV radiation 
on the survival of viruses in water, while only a few have investigated the effect of indigenous 
microbes. 
Moreover, factors that control the fate and survival of pathogens and indicators in 
aquatic environments will differ geographically. Most of the studies listed below were 
conducted at lower temperatures ranging from 4°C to 25°C, except for a handful of studies 
conducted at 27°C (O'Brien and Newman, 1977), 28°C (Gordon and Toze, 2003), 30°C 
(Nasser et al., 1993) and 37°C (Allwood et al., 2003). Singapore, having an equatorial 
climate, experiences high temperatures throughout the year ranging from 23°C to 32°C. In 
addition, differences in geography and climate also influence microbial ecology and the 
activity of indigenous microbes.  
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2.5.1 Temperature 
Temperature was found to be the principal factor that contributed to the inactivation 
of enteric viruses by damaging viral ribonucleic acid (O'Brien and Newman, 1977). Faster 
rates of inactivation have been associated with higher temperatures (Tables 2.8 and 2.9). 
Temperature was shown to strongly affect the survival of hepatitis A virus (HAV) and 
poliovirus 1 in groundwater and wastewater where the inactivation of HAV and poliovirus 
increased from 1 to 4 log10 as temperature increased from 10°C to 30°C after 90 days of 
incubation. Regardless of the water type, the highest die-off of viruses was observed at 30°C 
(Nasser et al., 1993). 
Conversely, viruses were shown to survive longer at lower temperatures. Enteric 
viruses survive in water for relatively long periods of time when temperature is 15°C or 
lower. The persistence of adenoviruses in groundwater in terms of T90 (time to reach first log 
reduction) increased from 35 days at 20°C to 131 days at 4°C (Ogorzaly et al., 2010). In 
laboratory studies, poliovirus 1, echovirus 6 and coxsackievirus B5 remained stable at 4°C 
with infectious viruses still detectable after 46 weeks of incubation (Lo et al., 1976). In situ 
studies revealed that viruses persisted for several months in estuarine and marine waters 
specially during winter when temperature ranged from 2 to 19°C. Poliovirus 1 retained 
infectivity at 46 days, echovirus 6 at 88 days, and coxsackievirus B5 at 116 days (Lo et al., 
1976). Similarly, coxsackievirus B1 was found to be more stable than poliovirus 1 in river 
water at temperatures ranging between 4 to 8°C (O'Brien and Newman, 1977). In mineral 
water, Hepatitis A virus remained infectious after 300 days at room temperature (Biziagos et 
al., 1988). One-log reduction of feline calicivirus and MS2 was achieved within 2 to 2.7 days 
in dechlorinated tap water when it was incubated at 37°C whereas it took 7.3 to 25.7 days at 
4°C (Allwood et al., 2003). Ninety-percent reduction of poliovirus 1, 3 and coxsackievirus A3 
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in river water was achieved within 0.6 to 1 day at temperatures ranging between 23 to 27°C 
(O'Brien and Newman, 1977). 
Viruses have been found to be more persistent than bacteria indicators at different 
temperatures in several studies. At lower temperatures, E. coli was inactivated faster than 
HAV and poliovirus 1, whereas minimal inactivation was observed for male-specific 
coliphages under most experimental conditions. Therefore E. coli was said to be a poor index 
for HAV and poliovirus 1 in ground water and wastewater due to its rapid inactivation 
(Nasser et al., 1993). MS2, a subtype of male-specific coliphages, was also found to survive 
significantly longer than E. coli and feline calicivirus at 4°C and 25°C (Allwood et al., 2003). 
Among candidate somatic coliphages, PhiX174, Lambda, and T4 were more 
persistent in water at higher temperatures than T1 and T7 which were removed in surface 
water within 2 days at 25°C. PhiX174, Lambda, and T4 remained up to 15 to 34 days at 25°C 
and remained detectable after 122 days at 4°C with T4 still detectable after 365 days (Lee and 
Sobsey, 2011). However, in the same study, it was suggested that results may be confounded 
by biotic effects at the temperature studied (25°C) where increased microbial activity from 
indigenous organisms was observed. Nonetheless, temperature in itself was a significant 
predictor of virus inactivation (Lee and Sobsey, 2011).  
 
2.5.2 UV radiation 
UV radiation is another factor that significantly contributes to virus inactivation by 
damaging capsid proteins or the nucleic acid genome through photobiological (direct) or 
photochemical mechanisms (Sinton et al., 1999). The relative susceptibility to light of a range 
of microbes from greatest to least inactivation are as follows: enterococci > faecal coliforms ≥  
E. coli > somatic coliphages > FRNA phages (Brookes et al., 2004). 
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Sunlight increased inactivation rates by at least a factor of five compared to 
experiments not conducted in natural sunlight (Noble et al., 2004). Bacterial indicators 
survived for more than 115 days in the dark, but when exposed to sunlight, rapid inactivation 
occurred within 8 to 16 hours for enterococci and E. coli.  The inactivation of male-specific 
coliphages occurred within 53 hours in both seawater and freshwater matrices making it more 
resistant to UV exposure than the two bacterial indicators (Noble et al., 2004).  In survival 
studies comparing male-specific coliphages, GA which is a prototypic strain of FRNA GII, 
showed   greater   persistence   than  MS2   (GI),   Qβ   (GIII),   SP   and   FI   (GIV)   in   water   at   25°C  
(Brion et al., 2002). Among candidate somatic coliphages, T4, Lambda, and PhiX174 showed 
greater resistance than T1 and T7 to temperature, heat, and UV radiation, and PhiX174 
showed greater resistance overall (Lee and Sobsey, 2011). 
UV doses commonly applied for water and wastewater treatment are between 30 and 
40 mJ/cm2 (Tables 2.10 and 2.11).  Three-log reductions of echovirus 1, echovirus 11, 
coxsackievirus B3, coxsackievirus B5 and poliovirus 1 were effected by doses below 30 
mW/cm2 while human adenovirus type 2 required 119 mJ/cm2, after exposure to low pressure 
UV lamp at 254 nm wavelength (Gerba et al., 2002). Similarly, a UV dose of 30 mJ/cm2 was 
able to achieve a 4-log10 reduction of feline calicivirus, murine norovirus and echovirus 12, 
after exposure to low pressure UV irradiation system emitting monochromatic UV radiation 
at 254 nm (Park et al., 2011). At this wavelength, photons form lesions in nucleic acids due to 
their relative peak absorbance at 260 nm, while lower wavelengths, below 240 nm cause 
protein damage, with positive effect on spectral sensitivity of coliphages (Beck et al., 2015). 
The action of lower wavelengths from a polychromatic medium pressure UV system resulted 
in greater inactivation of MS2 relative to a low pressure system at a similar calculated dose 
(Beck et al., 2015).  
Adenoviruses have consistently been reported to be more resistant to UV exposure. In 
earlier studies, the amount of UV required to achieve a 90% inactivation of adenovirus 40 and 
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41 (30 and 23.6 mJ/cm2 respectively) was greater than MS2, PRD1 and poliovirus type 1 (14, 
8.7 and 4.1 mJ/cm2 respectively) (Meng and Gerba, 1996). Similarly, adenovirus 40 was 
found to be more resistant than either feline calicivirus or coliphage MS2 in both buffered 
demand-free water and groundwater (Thurston-Enriquez et al., 2003). The persistence of 
adenovirus 40 to UV radiation was attributed to its double-stranded DNA nature, which if 
damaged, may be repaired by the host cell DNA-repair mechanisms (Gerba et al., 2002, 
Enriquez et al., 1995). Adenoviruses were also found to have the most stable persistence 
profile and an ability to survive for a long time in groundwater (Ogorzaly et al., 2010).  
 
2.5.3 Indigenous microbes 
The mechanism of inactivation and predation by indigenous microorganisms is less 
well understood although it appears to be a primary contributing factor in pathogen 
inactivation. It was suggested that at higher temperatures, indigenous groundwater 
microorganisms are more metabolically active, thereby degrading the pathogens at a faster 
rate (Gordon and Toze, 2003). In a survival study using prototype strains of somatic 
coliphages in environmental waters, it was suspected that viable cellular microorganisms 
accelerated the rate of viral inactivation due to increased microbial activity at 25°C (Lee and 
Sobsey, 2011). 
Protozoan grazing and virus-induced mortality of bacteria are common routes of 
microbial interaction in the aquatic environment (Jacquet et al., 2007). Bacteriophages play 
important roles in the regulation of bacterial populations and diversity in microbial systems.  
(Letarov and Kulikov, 2009). However, other studies have also shown that grazers can feed 
directly on viruses (Miki and Jacquet, 2008). 
In a study conducted by Pinheiro et al. (2007), somatic coliphage type T4 was 
removed in water by Tetrahymena thermophila which is a type of ciliate found in freshwater 
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and sewage treatment plants. The removal of T4 from the medium coincided with inactivation 
and was due to the active engulfment by the ciliates (Pinheiro et al., 2007). Heterotrophic 
nanoflagellates (HNF) have also been shown to consume virus-sized particles (Bettarel et al., 
2005). Predation of HNF on viruses has been estimated to contribute <5% of viral mortality in 
two lakes in France, with higher removal rates observed in an oligotrophic than in a eutrophic 
lake (Bettarel et al., 2005). 
Therefore, the effect of indigenous microbes on the survival of coliphages may be 
governed by more complex environmental and ecological interactions. However, for many 
systems, links between phages and community characteristics have not been established 
(Letarov and Kulikov, 2009).  
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Table 2.8 Inactivation of viruses in various temperatures and matrices  







Feline calicivirus culture dechlorinated tap water 4  7.3 (Allwood et al., 2003) 
Feline calicivirus culture dechlorinated tap water 25  5.7 
Feline calicivirus culture dechlorinated tap water 37  2  
MS2 culture dechlorinated tap water 4  25.7  
MS2 culture dechlorinated tap water 25  18.7  
MS2 culture dechlorinated tap water 37  2.7  
       
MS2 culture groundwater 4 0.0428 23.4 (Ogorzaly et al., 2010) 
MS2 culture groundwater 20 0.7195 1.4 
GA culture groundwater 4 0.0503 19.9 
GA culture groundwater 20 0.8081 1.2  
Adenovirus 2 culture groundwater 4 0.0076 131.6  
Adenovirus 2 culture groundwater 20 0.0279 35.6  
MS2 qPCR groundwater 4 0.0029 344.8  
MS2 qPCR groundwater 20 0.1166 8.6  
GA qPCR groundwater 4 0.0004 2500  
GA qPCR groundwater 20 0.0278 35.9  
Adenovirus 2 qPCR groundwater 20 0.0036 278 
 
 
T1 culture reagent water 25  >365 (Lee and Sobsey, 2011) 
T1 culture reagent water 4  >365 
T4 culture reagent water 25  >365 
T4 culture reagent water 4  >365 
T7 culture reagent water 25  68  
T7 culture reagent water 4  124  
PhiX174 culture reagent water 25  35  
PhiX174 culture reagent water 4  >365  
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Lambda culture reagent water 25  55  
Lambda culture reagent water 4  >365  
       
T1 culture surface water 25  2  
T1 culture surface water 4  22  
T4 culture surface water 25  34  
T4 culture surface water 4  >365  
T7 culture surface water 25  2  
T7 culture surface water 4  22  
PhiX174 culture surface water 25  15  
PhiX174 culture surface water 4  122  
Lambda culture surface water 25  19  
Lambda culture surface water 4  288 
 
 
MS2 culture groundwater 15  1 (Gordon and Toze, 2003) 
MS2 culture groundwater 28  2.7 
Poliovirus qPCR groundwater 15  5 
Poliovirus qPCR groundwater 28  1  
Coxsackievirus qPCR groundwater 15  10.5  
Coxsackievirus qPCR groundwater 28  10.2  
       
MS2 culture filtered groundwater 28  180  
Poliovirus qPCR filtered groundwater 28  164.8  
Coxsackievirus qPCR filtered groundwater 15  528  
Coxsackievirus qPCR filtered groundwater 28  109.4 
 
 
MS2 culture reagent water 25 0.02  (Bae and Schwab, 2008) 
Murine norovirus culture reagent water 25 0.02  
Feline calicivirus culture reagent water 25 0.08  
Poliovirus culture reagent water 25 0.02   
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MS2 qPCR reagent water 25 0   
Murine norovirus qPCR reagent water 25 0   
Feline calicivirus qPCR reagent water 25 0.03   
Poliovirus qPCR reagent water 25 0.01   
Norwalk virus qPCR reagent water 25 0   
       
MS2 culture surface water 25 0.13   
MS2 culture surface water 4 0.05   
Murine norovirus culture surface water 25 0.16   
Feline calicivirus culture surface water 25 0.40   
Feline calicivirus culture surface water 4 0.19   
       
Poliovirus culture surface water 25 0.19   
Poliovirus culture surface water 4 0.14   
MS2 qPCR surface water 25 0.08   
MS2 qPCR surface water 4 0.04   
Murine norovirus qPCR surface water 25 0.09   
Feline calicivirus qPCR surface water 25 0.11   
Feline calicivirus qPCR surface water 4 0.15   
Poliovirus qPCR surface water 25 0.14   
Poliovirus qPCR surface water 4 0.10   
Norwalk virus qPCR surface water 25 0.08   
Norwalk virus qPCR surface water 4 0.04   
       
MS2 culture groundwater 25 0.09   
MS2 culture groundwater 4 0   
Murine norovirus culture groundwater 25 0.04   
Feline calicivirus culture groundwater 25 0.12   
Feline calicivirus culture groundwater 4 0.06   
Poliovirus culture groundwater 25 0.09   
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Poliovirus culture groundwater 4 0.02   
       
MS2 qPCR groundwater 25 0.02   
MS2 qPCR groundwater 4 0.02   
Murine norovirus qPCR groundwater 25 0   
Feline calicivirus qPCR groundwater 25 0.06   
Feline calicivirus qPCR groundwater 4 0.02   
Poliovirus qPCR groundwater 25 0.05   
Poliovirus qPCR groundwater 4 0.02   
Norwalk virus qPCR groundwater 25 0.01   
Norwalk virus 
 
qPCR groundwater 4 0.01   
Poliovirus 1 culture mineral water 4 0.0034  (Biziagos et al., 1988) 
Poliovirus 1 culture mineral water 23 0.0193  
Hepatitis A virus culture mineral water 4 0.0021   
Hepatitis A virus 
 
culture mineral water 23 0.0160   
Poliovirus 1 culture groundwater 4 0.0072  (de Roda Husman et al., 
2009) Poliovirus 1 culture groundwater 22 0.026  
Poliovirus 2 culture groundwater 4 0.0072  
Poliovirus 2 culture groundwater 22 0.051  
Coxsackievirus B4 culture groundwater 4 0.0081   
Coxsackievirus B4 culture groundwater 22 0.068   
Poliovirus 1 culture surface water 4 0.0054   
Poliovirus 1 culture surface water 22 0.028   
Poliovirus 2 culture surface water 4 0.003   
Poliovirus 2 culture surface water 22 0.016   
Coxsackievirus B4 culture surface water 4 0.010   
Coxsackievirus B4 culture surface water 22 0.050   
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Poliovirus 1 qPCR groundwater 22 0   
Poliovirus 2 qPCR groundwater 4 0   
Poliovirus 2 qPCR groundwater 22 0.0065   
Coxsackievirus B4 qPCR groundwater 4 0   
Coxsackievirus B4 qPCR groundwater 22 0.0037   
Poliovirus 1 qPCR surface water 4 0   
Poliovirus 1 qPCR surface water 22 0   
Poliovirus 2 qPCR surface water 4 0   
Poliovirus 2 qPCR surface water 22 0.0041   
Coxsackievirus B4 qPCR surface water 4 0   
Coxsackievirus B4 
 
qPCR surface water 22 0.0050   
Poliovirus 1 culture river water 23-27  1 (O'Brien and Newman, 
1977) Poliovirus 1 culture river water 12-20  1.3 
Poliovirus 1 culture river water 7-17  1.5 
Poliovirus 1 culture river water 4-8  1.9 
Poliovirus 3 culture river water 23-27  0.8  
Poliovirus 3 culture river water 12-20  1  
Coxsackievirus A3 culture river water 23-27  0.6  
Coxsackievirus A3 culture river water 12-20  0.5  
Coxsackievirus B1 culture river water 12-20  1.2  
Coxsackievirus B1 culture river water 7-17  1.8  
Coxsackievirus B1 
 
culture river water 4-8  2.4  
Poliovirus 1 culture tap water 4 0.04571  (Enriquez et al., 1995) 
Poliovirus 1 culture tap water 15 0.06209  
Poliovirus 1 culture tap water 23 0.12461   
Hepatitis A virus culture tap water 4 0.03246   
Hepatitis A virus culture tap water 23 0.07376   
Adenovirus 40 culture tap water 4 0.02125   
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Adenovirus 40 culture tap water 15 0.02412   
Adenovirus 40 culture tap water 23 0.03080   
Adenovirus 41 culture tap water 4 0.00653   
Adenovirus 41 culture tap water 15 0.01578   
Adenovirus 41 culture tap water 23 0.02639   
       
Poliovirus 1 culture secondary effluent 4 0.04379   
Poliovirus 1 culture secondary effluent 15 0.08143   
Adenovirus 40 culture secondary effluent 4 0.03636   
Adenovirus 40 culture secondary effluent 15 0.04633   
Adenovirus 41 culture secondary effluent 4 0.04425   
Adenovirus 41 culture secondary effluent 15 0.03784   
       
Poliovirus 1 culture primary effluent 4 0.04901   
Poliovirus 1 culture primary effluent 15 0.05908   
Adenovirus 40 culture primary effluent 4 0.04705   
Adenovirus 40 culture primary effluent 15 0.04674   
Adenovirus 41 culture primary effluent 15 0.04483   
Adenovirus 41 
 
culture primary effluent 15 0.04520   
Adenovirus 2 culture surface water 19  160 (Rigotto et al., 2011) 
Adenovirus 41 culture surface water 19  160 
Adenovirus 2 culture groundwater 19  160 
Adenovirus 41 culture groundwater 19  160 
 
 
Poliovirus 1 culture freshwater 20  3* (Hurst and Gerba, 1980) 
Echovirus 7 culture freshwater 20  1.5* 
Coxsackievirus B3 culture freshwater 20  1.5* 
Rotavirus SA11 culture freshwater 20  1.5*  
* T90 were extrapolated from inactivation curve 
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Table 2.9 Inactivation of viruses in various temperature, matrices and salinity 









Poliovirus 1 culture estuarine water 20 12  1 (Hurst and Gerba, 1980) 
Echovirus 7 culture estuarine water 20 12  1 
Coxsackievirus B3 culture estuarine water 20 12  1.5 
Rotavirus SA11 
 
culture estuarine water 20 12  1  
Poliovirus 1 culture seawater 21-26 26-30  2 (Lo et al., 1976) 
Coxsackievirus B5 culture seawater 21-26 26-30  5 
Echovirus 6 culture seawater 21-26 26-30  8  
Poliovirus 1 culture seawater 4-16 26-30  30  
Coxsackievirus B5 culture seawater 4-16 26-30  20  
Echovirus 6 culture seawater 4-16 26-30  20  
Poliovirus 1 culture seawater 4 10  50  
Poliovirus 1 culture seawater 4 20  20  
Poliovirus 1 culture seawater 4 34  12  
Echovirus 6 culture seawater 4 10  102  
Echovirus 6 culture seawater 4 20  84  
Echovirus 6 culture seawater 4 34  76  
Coxsackievirus B5 culture seawater 4 10  90  
Coxsackievirus B5 culture seawater 4 20  116  
Coxsackievirus B5 culture seawater 4 34  140  
Poliovirus 1 culture seawater 15 10  46  
Poliovirus 1 culture seawater 15 20  12  
Poliovirus 1 culture seawater 15 34  23  
Echovirus 6 culture seawater 15 10  50  
Echovirus 6 culture seawater 15 20  56  
Echovirus 6 culture seawater 15 34  28  
Coxsackievirus B5 culture seawater 15 10  118  
Coxsackievirus B5 culture seawater 15 20  70  
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Coxsackievirus B5 culture seawater 15 34  35  
Poliovirus 1 culture seawater 25 10  7  
Poliovirus 1 culture seawater 25 20  5  
Poliovirus 1 culture seawater 25 34  12  
Echovirus 6 culture seawater 25 10  23  
Echovirus 6 culture seawater 25 20  12  
Echovirus 6 culture seawater 25 34  8  
Coxsackievirus B5 culture seawater 25 10  12  
Coxsackievirus B5 culture seawater 25 20  8  
Coxsackievirus B5 culture seawater 25 34  12  
Poliovirus 1 culture seawater 15 35 0.11106  (Enriquez et al., 1995) 
Adenovirus 40 culture seawater 15 35 0.02570  
Adenovirus 41 culture seawater 15 35 0.02528  
        
* T90 were extrapolated from inactivation curves and measured concentration 
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Table 2.10 Inactivation of viruses at various UV exposures and matrices 

















T1 PBS  2 5 8 11 (Lee and Sobsey, 2011) 
T4 PBS  1 2 3 4 
T7 PBS  2 5 8 12 
PhiX174 
 
PBS  2 5 10 18  
MS2 BDF 0.0310 23 55 87 119 (Thurston-Enriquez et 
al., 2003) Feline calicivirus BDF 0.1016 6 16 26 36 
Feline calicivirus ground water 0.0101 5 13 21 29 
Adenovirus 40 BDF 0.0171 50 109 167 226 
Adenovirus 40 
 
ground water 0.0201 53 103 153 203 
Adenovirus 41 PBS 0.018 56   222 (Ko et al., 2005) 
MS2 
 
PBS 0.034 29   118 
MS2 buffered 
water 
0.057     (Park et al., 2011) 
Feline calicivirus buffered 
water 
0.160     
Murine norovirus buffered 
water 





0.135      
Rotavirus SA11 PBS 0.1032     (Li et al., 2009) 
Rotavirus SA11 
 
PBS  0.0343*     
Adenovirus 40 sterile water 0.032 30   124 (Meng and Gerba, 1996) 
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Adenovirus 41 sterile water 0.037 23.6   111.8 
MS2 sterile water 0.058 14   65.2 
PRD1 sterile water 0.1307 8.7   31.6 
Poliovirus 1 
 
sterile water 0.1724 4.1   21.7  
Echovirus 1 PBS  8 16.5 25 33 (Gerba et al., 2002) 
Echovirus 2 PBS  7 14 20.5 28 
Coxsackievirus B5 PBS  9.5 18 27 36  
Coxsackievirus B3 PBS  8 16 24.5 32.5  
Poliovirus 1 PBS  8 15.5 23 31  
Adenovirus 2 
 
PBS  40 78 119 160  
Feline calicivirus deionized 
water 
0.0209 47.85    (Nuanualsuwan et al., 
2002) 
Hepatitis A virus deionized 
water 
 36.50    
Poliovirus 1 deionized 
water 
 24.10    
MS2 deionized 
water 
 23.04     
PhiX174 deionized 
water 
 15.48     
*Quantified using molecular methods 
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Table 2.11 Inactivation of indicator organisms in various UV exposure, temperature, salinity and matrices 
Virus Water Temp 
°C 







E. coli seawater 20 1200 30 0.1373 16.8 (Noble et al., 2004) 
E. coli freshwater 20 1200 - 0.1346 17.1 
E. coli seawater 20 300 30 0.0480 47.9  
E. coli freshwater 20 300 - 0.0542 42.5  
        
Enterococci seawater 20 1200 30 0.2572 8.95  
Enterococci freshwater 20 1200 - 0.2724 8.45  
Enterococci seawater 20 300 30 0.2434 9.46  
Enterococci freshwater 20 300 - 0.2434 9.46  
        
F+ coliphage seawater 20 1200 30 0.0432 53.3  
F+ coliphage freshwater 20 1200 - 0.0412 55.8  
F+ coliphage seawater 20 300 30 0.0256 89.9  
F+ coliphage 
 
freshwater 20 300 - 0.0250 92.1  
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2.6 Summary of literature review 
The presence of enteric viruses in surface water, ground water, and treated water has 
been documented worldwide. Their prevalence in the environment has been associated with 
known sources of faecal contamination, seasonal variation and storm events. Outbreaks 
associated with these pathogens have increased and new pathogenic strains have emerged in 
recent years. However, most studies related to their occurrence have been conducted in 
developed countries where proper sewage collection and treatment are available, while a vast 
majority of cases occur in developing countries where sanitation infrastructure may not be 
accessible. Moreover, most surveillance studies have been conducted in temperate regions 
while only a handful of studies have been conducted in tropical countries. In Singapore, 
although most of the outbreaks documented are foodborne, their increasing incidence raises a 
concern especially in the field of water quality management. Enteric viruses are excreted in 
the feces of infected individuals and can contaminate water systems through leaking sewer 
pipes or illegal discharge of untreated waste. Noroviruses, rotaviruses, adenoviruses, 
astroviruses and enteroviruses have already been detected in treated sewage, local catchments, 
rivers and reservoirs. 
In order to protect public health, Singapore has adopted the World Health 
Organization guidelines for recreational water. These criteria were developed based on 
epidemiological studies that related illness rates to faecal indicator bacteria. According to 
WHO guidelines, the upper 95th percentile value of 200/100ml enterococci corresponds to an 
average risk of 5% for gastrointestinal illness and 1.9% for acute febrile respiratory illness. 
However, there is evidence to support that bacterial indicators do not necessarily correlate 
with the presence of viral pathogens owing to their differences in morphology and behavior. 
In water and wastewater treatment, it has been suggested that monitoring for a suite of 
indicator organisms is more likely to be predictive of the presence of certain pathogens. 
Ingestion of sewage-contaminated water is a major exposure route for waterborne pathogens, 
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but unlike bacteria, viruses are not easily removed during water or wastewater treatment. 
Enteric viruses can also remain stable in water for extended periods of time in the absence of 
factors that affect their inactivation. Water temperature, UV radiation and the presence of 
indigenous microbes have been found to significantly influence their survival in the aquatic 
environment. However, among these factors, more studies have focused on the effects of 
temperature and sunlight on viruses and less on the influence of indigenous microbes. 
Moreover, most studies have been conducted in lower temperatures (25°C and below) 
whereas higher water temperatures may be expected in the tropical zone with consequent 
effects on the survival of viruses and activity of indigenous microbes in the environment. 
Adapting water quality guidelines to local circumstances is further complicated by 
differences in geographical conditions, ecology of microorganisms and varying sources of 
faecal contamination. Factors that control the fate, survival, transport, growth, and ecology of 
indicators and pathogens in tropical regions may differ from those in the United Kingdom and 
the United States where epidemiological studies have been conducted. Such factors include 
higher water temperatures, higher sunlight intensity and microbial predation. Other factors to 
consider may include endemic illnesses and efficiency of wastewater treatment. 
Illness rates due to waterborne enteric viruses in a given exposure site, usually in 
bathing or recreational waters, can be estimated using quantitative microbial risk assessment 
where the probability of infection is a dose-response function developed from clinical trials. 
Uncertainties that surround the estimates arise from a number of factors, such as differences 
in units between feeding studies and occurrence data (infectious dose vs. gene copies per 
liter), assumed ingestion rates and fitted distribution curves of observed microbial 
concentrations. In addition, microbial concentrations may vary spatially and temporally even 
in a relatively small catchment, with peaks and valleys that may occur at different times of 
day. Determining peak concentrations and when they occur would improve estimates of risks. 
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Estimating viral concentrations in water through statistical models is a practical tool 
for water quality monitoring. These models are developed based on pathogen association with 
environmental parameters such as water temperature, salinity, rainfall, solar insolation, 
turbidity and wind, or with indicator/surrogate organisms. These models rely on statistical 
correlations that are often difficult to establish with environmental data. Coliphages have been 
proposed as alternative indicators of faecal contamination in ground and surface waters as 
they have been found to correlate better with enteric viruses than traditional bacterial 
indicators. They generally do not grow in the environment and are host-specific which is 
useful in microbial source tracking. Although some studies have suggested guide values for 
coliphages in recreational waters based on regression models, more evidence is needed to 
warrant an agreement on its use as standards for water quality.  
In light of these reasons, this study aimed to provide information on the occurrence 
and survival of enteric viruses and coliphages in local aquatic environments, the risks they 
impose on human health, and the use of coliphages as alternative water quality indicators for 
enteric viruses and human faecal pollution. 
  80 
 
 
3 OCCURRENCE OF ENTERIC VIRUSES IN TROPICAL 
SURFACE WATERS 
3.1 Introduction 
In this chapter, the occurrence of enteric viruses in tropical surface waters are 
discussed, which correspond to the first objective of this thesis.  Its focus is on urbanized 
freshwater catchments intended for recreational use and water supply. Here, spatial and 
temporal patterns of distributions are examined. 
Enteric viruses are the main etiological agents of endemic waterborne diseases in 
nearly all communities, regardless of their level of social and economical developments. They 
are also potentially the most hazardous waterborne pathogens that can cause infection and 
illness at low dose (Griffin et al., 2003). Enteric viruses such as noroviruses, rotaviruses, 
adenoviruses and astroviruses have been identified in human faeces to be the major causes of 
human viral gastroenteritis. Caliciviruses (e.g., noroviruses) are primarily responsible for 
worldwide outbreaks of gastroenteritis in adults (Eden et al., 2010, Ng et al., 2005), while 
rotaviruses are more common among infants and children (Tate et al., 2012). Adenoviruses 
(Shimizu et al., 2007) and astroviruses (Pativada et al., 2012) are also associated with 
gastroenteritis but have milder symptoms than norovirus and rotavirus in both children and 
adults.   
Enteric viruses are persistent through most water and wastewater treatment processes 
as well as in environmental waters (Aw and Gin, 2010, Hata et al., 2012). The origin of 
waterborne pathogen loads to surface waters can be point and non-point sources, including 
leaking sewage and septic systems, urban runoff, agricultural runoff and vessel wastewater 
discharges (Fong and Lipp, 2005, Ahmed et al., 2010, McQuaig et al., 2009). Water quality in 
urban catchments is associated with the intensity of urban development, rainfall and storm 
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water runoff (Barbosa et al., 2012, Rowny and Stewart, 2012). In addition, infiltration or 
overflow of enteric viruses to a receiving river or reservoir from leaking sewers and older 
wastewater treatment plants may occur particularly during rainfall. Human exposure to 
recreational waters that contain enteric viruses pose health risks of waterborne disease, e.g., 
viral gastroenteritis (Kishida et al., 2012, Sinclair et al., 2009), mostly in children, the elderly 
and immune-compromised individuals (Gerba et al., 1996a). Nonetheless, the endemic 
occurrence and outbreaks of recreational waterborne gastrointestinal disease often remains 
uncharacterized (Dorevitch et al., 2012). Hence, surveillance of enteric viruses in 
environmental waters is important in controlling the occurrence and spread of waterborne 
diseases. In recent years, the surveillance of enteric viruses and bacteriophages in recreational 
waters has attracted the attention of public health authorities in more developed and urbanized 
areas in temperate regions (Calgua et al., 2013, Colford Jr et al., 2007, Contreras-Coll et al., 
2002, Hamza et al., 2009, Haramoto et al., 2010, Kishida et al., 2012, Poma et al., 2012, 
Wyn-Jones et al., 2011). However, little is known about the presence of enteric viruses in 
tropical waters apart from a handful of studies such as those conducted in Kenya (Kiulia et 
al., 2010) and Singapore (Aw and Gin, 2011). Their quantification in the environment and 
knowledge on seasonal patterns of distribution can improve human health risk assessment and 
protect public health from waterborne diseases. 
To address these gaps, this chapter aims to examine the occurrence and prevalence of 
enteric viruses in urbanized freshwater tropical catchments in Singapore, focusing on 
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3.2 Methods 
3.2.1 Collection of monthly samples 
Water samples were collected from an urbanized catchment in the central region of 
Singapore. The water body is a source of drinking water and an iconic venue for tourism and 
other recreational activities. There are no known point sources of faecal pollution in the 
catchment since wastewater from all households and establishments are channeled through 
the public sewer system to water reclamation plants. Water samples were collected monthly 
between December 2011 and March 2014 from five locations. A total of 24 samples were 
collected at each station totaling 120 water samples overall. These were processed and 
analyzed for the presence of enteric viruses (astroviruses, human adenoviruses, noroviruses 
and rotaviruses). 
 
3.2.2 Processing of water samples 
3.2.2.1 Concentration of viruses from water samples using TFF 
Ten-liter (10L) surface waters collected between December 2011 and November 2013 
were pre-filtered using a 20 µm filter and then concentrated by Tangential Flow Filtration 
(TFF) (Sartorius, Germany) using a 30 kDa membrane cassette. Viruses were eluted by 
backwashing with glycine buffer (0.05 M, pH 7) to a final volume of 200 ml. Secondary 
concentration of viruses was carried out using an Ultra-15 centrifugal tube with cut-off levels 
of 30 kDa (Amicon Merk, Germany) to a final volume of 0.5 ml. To test the recovery of this 
system, 10-liter water samples were seeded with adenovirus, MS2 and phiX174. Recovery 
rates were 14% for adenoviruses and 8-11% for coliphages. 
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3.2.2.2 Concentration of viruses from water samples using HF 
Twenty-liter surface water samples collected between December 2013 and March 
2014 were concentrated using Fresenius Hemoflow HF80S (Fresenius Medical Care 
Deutschland GmbH, Germany) hollow fiber to a volume of 100 ml. Elution was carried out 
by recirculating 300ml glycine (0.05 M) for 10 minutes to a final volume of 400ml. The 
concentrated sample was divided into two and 200ml was used for detection of viruses. 
Viruses were recovered by polyethylene glycol (PEG) precipitation as previously described 
(Aw and Gin, 2010). The sample (pH adjusted to 7.2) was mixed with 8% of PEG 8000 and 
0.3 M NaCl and incubated at 4°C for about 18 h. The pellet was collected by centrifugation at 
14000 g for 30 min and dissolved in 10 ml PBS. The sample was further extracted with an 
equal volume of chloroform, and the supernatant was collected by centrifugation at 1700 g for 
30 min. The supernatant  was  filtered  through  0.22  μm  filter,  and  virus  particles  were  further  
concentrated to a final volume of 0.5 ml using an ultra centrifugal filter device. The recovery 
of this system was 72-103%. 
 
3.2.3 Detection of enteric viruses 
The specified region of the genome of each target virus (AstV, HAdV, NoV GI and 
GII, and RoV), provided by Aw and Gin (2010), was amplified using the corresponding 
forward and reverse primers listed in Table 3.1, and was cloned to a plasmid using pGEM®-T 
Easy  Vector  System  (Promega,  USA)  following  manufacturer’s  instructions.  QPCR  standard  
curves for each target were generated by ten-fold serial dilution of the corresponding 
constructed plasmid. R2 values ranged from 0.98 to 1. Threshold Ct values and amplification 
efficiencies (enclosed in parenthesis) pertaining to 1 gene copy per reaction for astrovirus, 
norovirus and rotavirus, 3 gene copies for adenovirus, were 38.99 (88.95) for astrovirus, 
39.80 (89.39) for adenovirus, 40.29 (102.77) for norovirus GI, 39.95 (91.41) for norovirus 
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GII, 39.88 (93.64) for rotavirus. Equivalent detection limits were 8.6 GC/L for astrovirus, 
norovirus and rotavirus and 12.9 GC/L for adenovirus. 
Viral nucleic acids were extracted from concentrated samples using the QIAamp 
Viral   RNA   kit   (Qiagen,   Germany)   following   manufacturer’s   instructions.   Complementary  
DNA (cDNA) was synthesized using the corresponding reverse primer for each target and the 
ImProm-IITM Reverse Transcription System   (Promega,   USA)   following   manufacturer’s  
instructions. QPCR was carried out using FastStart Universal Probe Master (Rox) (Roche, 
Germany) in a StepOnePlusTM Real-Time PCR System (Applied Biosystems, USA). 
Extracted nucleic acids from pure cultures and purified plasmids were used as positive control 
and ultrapure water was used as negative reaction control. Samples were tested for possible 
inhibition using TaqMan® Exogenous Internal Positive Control (IPC) by adding 5 µl, 2.5 µl, 
and 0.5 µl of sample template into a 20-µl qPCR reaction containing the IPC, and a no 
template control (NTC). The Ct value of the IPC in samples was 27.6±0.2 while the Ct value 
of the NTC was 27.8±0.1 indicating little or no inhibition. 
Reverse transcription for astroviruses, noroviruses and rotaviruses was carried out in 
10-μL  reaction  mixtures  containing  5  μL  extracted  nucleic  acid,  1  μM  reverse  primer,  0.5  μL  
reverse   transcriptase,   2   μL   reaction   buffer,   1.5   mM   MgCl2,   0.5   μL   dNTP   Mix,   10   units  
ribonuclease inhibitor and nuclease free water. The template was denatured in a pre-heated 
70°C block for 5 min prior to synthesis of cDNA at 25°C for 5 min, 42°C for 60 min and 
70°C for 15 min (Aw and Gin, 2011). 
For astroviruses, qPCR was carried out in 20-µL reaction mixtures containing 5 µL 
cDNA, 10 µL qPCR master mix, 400 nM each of forward and reverse primers, 100 nM 
fluorogenic probe and nuclease free water. Thermal cycling conditions were 95ºC for 15 min 
followed by 45 cycles at 95ºC for 10s, 55ºC for 60s and 72ºC for 10s (Le Cann et al., 2004). 
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For human adenoviruses, qPCR was carried out in 20-µL reaction mixtures 
containing 5 µL extracted DNA, 10 µL qPCR master mix, 250 nM each of forward and 
reverse primers, 150 nM fluorogenic probe and nuclease free water. Thermal cycling 
conditions were 95ºC for 15 min followed by 45 cycles at 95ºC for 10s, 55ºC for 30s and 
72ºC for 15s (Jothikumar et al., 2005). 
For noroviruses GI and GII, qPCR was carried out in 20-µL reaction mixtures 
containing 5 µL cDNA, 10 µL qPCR master mix, 400 nM each of forward and reverse 
primers, and 100 nM fluorogenic probe and nuclease free water. Thermal cycling conditions 
were 95ºC for 15 min followed by 45 cycles at 95ºC for 10s, 55ºC for 30s and 72ºC for 10s 
for NoV GI and 45 cycles at 95ºC for 10s, 55ºC for 30s and 72ºC for 15s for NoV GII 
(Kageyama et al., 2003). 
For rotaviruses (group A), qPCR was carried out in 20-µl reaction mixtures 
containing 5 µL of cDNA, 10 µL qPCR master mix, 400 nM each of forward and reverse 
primers, 200 nM fluorogenic probe and nuclease free water. Thermal cycling conditions were 
95ºC for 15 min followed by 45 cycles at 95ºC for 20s, 60ºC for 60s and 72ºC for 15s (Pang 
et al., 2012). 
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Table 3.1 Summary of primers and probes used in RT-qPCR 
Virus  Sequence (5'-3') Position Length 
(bp) 
Reference 
Adenovirus Forward GGACGCCTCGGAGTACCTGAG Hexon gene 96 (Jothikumar 
et al., 2005) Reverse ACIGTGGGGTTTCTGAACTTGTT 
Probe FAM-CTGGTGCAGTTCGCCCGTGCCA-BHQ1 
Astrovirus Forward CCGAGTAGGATCGAGGGT 3’- end consensus 
region 
90 (Le Cann et 
al., 2004) Reverse GCTTCTGATTAAATCAATTTTAA 
Probe FAM-CTTTTCTGTCTCTGTTTAGATTATTTTAATCACC-BHQ1 
Norovirus GI Forward CGYTGGATGCGNTTYCATGA ORF1 - ORF2 
junction region 
85 (Kageyama 
et al., 2003) Reverse CTTAGACGCCATCATCATTYAC 
Probe FAM-TGTGGACAGGAGATCGCAATCTC-BHQ1 
Norovirus GII Forward CAAGAGTCAATGTTTAGGTGGATGAG ORF1 - ORF2 
junction region 
98 (Kageyama 
et al., 2003) Reverse TCGACGCCATCTTCATTCACA 
Probe FAM-TGGGAGGGCGATCGCAATCT-BHQ1 
Rotavirus A Forward ACCATCTACACATGACCCTC / ACCATCTTCACGTAACCCTC Non-structural 
protein 3 (NSP-3) 
87 (Pang et al., 
2012) Reverse GGTCACATAACGCCCC 
Probe FAM-ATGAGCACAATAGTTAAAAGCTAACACTGTCAA-TAMRA 
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3.2.4 Data analysis 
Statistical analysis was performed using Minitab 17 and NADA for MTB macro 
collection version 3 and XLSTAT 2014.5.01. Default censoring indicators for detected 
observations (0) and below detection limit or nondetects (1) were applied. Statistical 
correlation was considered significant when the P-value did not exceed the alpha level of 0.05 
(P < 0.05).  
 
3.3 Results 
3.3.1 Occurrence of enteric viruses 
In general, monthly water samples contained at least one of the target pathogens 
(Figures 3.1 to 3.4). There were 85 out of 120 samples (71%) that were positive for at least 
one of the enteric viruses tested. Noroviruses were the most prevalent type detected in 60 out 
of 120 (50%) samples followed by rotaviruses (27%), human adenoviruses (25%) and 
astroviruses (23%) (Figure 3.5). The number of positives for norovirus was found to be 
significantly greater than the rest of the viruses (Chi-square, P < 0.0001). Among positive 
samples, geometric mean and median concentrations of norovirus GII were the highest (1.9 × 
102 GC/L and 1.3 × 102 GC/L), followed by astrovirus (1.1 × 102 GC/L and 6.7 × 101 GC/L), 
human adenovirus (9.4 × 101 GC/L and 1.2 × 102 GC/L), rotavirus (6.6 × 101 GC/L and 5.4 × 
101 GC/L) and norovirus GI (5.6 × 101 GC/L and 6.3 × 101 GC/L). One-way analysis of 
variance by ranks revealed significant differences in concentrations of target viruses (Kruskal-
Wallis, P < 0.0001). Post hoc analysis showed that concentrations of noroviruses and human 
adenoviruses were significantly higher than astroviruses and rotaviruses (Dunn, P < 0.0001). 
Therefore, noroviruses were more prevalent and abundant in the catchment as opposed to the 
other three targets. 





Figure 3.1 Concentration of astroviruses (GC/L) in stations A to E   
 





Figure 3.2 Concentration of human adenoviruses (GC/L) in stations A to E 
 
 




Figure 3.3 Concentration of noroviruses (GC/L) in stations A to E   
 
 














Figure 3.5 Number of water samples positive for astroviruses (AstV), human adenoviruses 
(HAdV), noroviruses (NoV) and rotaviruses (RoV) in each sampling location. A total of 120 
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3.3.2 Spatial variation 
Among sampling locations, the highest detection rate for all target viruses (depending 
on virus type) was observed in station B (32% to 68%) followed by station C (24% to 52%), 
station A (16% to 52%) and station E (16% to 40%) while the lowest detection rate was 
observed in station D (8% to 28%) (Figure 3.5). In station B, the proportion of positives 
(49%) was found to be significantly greater than the rest of the catchment (Chi-square, P < 
0.005). Noroviruses were detected in 17 out of 24 (68%) water samples from station B, 
followed by station A and station C (52%), station E (40%) and station D (28%). Rotaviruses 
were also detected more frequently in water samples from station B (32%) followed by 
station C and E (28%), station A and D (20%). Human adenoviruses were more prevalent in 
water samples from station B (36%), station A (28%), and station C (24%) compared to 
station D and E (16%). And finally, astroviruses were also more prevalent in water samples 
from station B (36%) and station C (28%), compared to station E (20%), station A (16%) and 
station D (8%). 
Higher norovirus (2.1 × 102 GC/L) and rotavirus (1.1 × 102 GC/L) concentrations 
were generally observed in water samples from station B, while higher human adenovirus (1.5 
× 102 GC/L) and astrovirus (2.2 × 102 GC/L) concentrations were observed in water samples 
from station A as shown in Figure 3.6 (geometric means are given in parenthesis). However, 
statistical analysis did not reveal any significant differences in concentrations of target viruses 
at different locations when taken separately, except for noroviruses, which were found to be 
significantly higher in water samples from station B (Kruskal-Wallis, P < 0.10). On the other 
hand, when virus concentrations were pooled at each location, significant differences were 
observed between station B and station D (Dunn, P < 0.005). The lack of significant 
differences between stations A and B, and between stations C, D and E may be due to their 
proximity to each other and similar catchment characteristics, including possible sources and 
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sinks. Station B drains into station A, while stations C, D and E are nearer each other and 
drain into the same basin. 
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Figure 3.6 Boxplot of virus concentrations in different sampling locations. Mean 
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3.3.3 Seasonal variation 
According to the National Environment Agency, rainfall maximum usually occurs in 
December and April while the drier months are usually February and July (NEA, 2015). In 
this study, total monthly rainfall data collected between January 2012 and March 2014 at the 
pump station located inside the catchment showed higher total monthly rainfall in November 
and December 2012, and in February, September, October and November 2013, while lower 
rainfall occurred in February and June 2012, June 2013 and February 2014  (Figure 3.7). 
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Singapore experiences two monsoon seasons during the year, i.e the Northeast 
monsoon (NE) from December to March, and the Southwest monsoon (SW) from June to 
September. In between are intermonsoon periods, i.e. Pre-Southwest (Pre-SW) from April to 
May, and Pre-Northeast (Pre-NE) from October to November (NEA, 2015). Total monthly 
rainfall was averaged according to season on an annual basis and proportions of positives 
(detection rate) for target viruses were compared for each season (Figure 3.8). Proportion was 
calculated as the number of positives divided by the sum of positives and negatives. Months 
without sampling were excluded in analysis of the data. 
In general, a similar trend was observed in the increase and decrease of rainfall and 
overall detection rates of viruses when samples were examined according to season on an 
annual basis (Figure 3.8.A). The occurrence of human adenoviruses and noroviruses in the 
catchment exhibited a similar pattern (Figures 3.8.C and 3.8.D), which may have influenced 
the overall trend, while no obvious patterns were observed for astroviruses and rotaviruses 
(Figures 3.8.B and 3.8.E). However, there were no statistical correlations between rainfall and 
overall detection rates per season as the overall presence of enteric viruses in water 
diminished over time. Overall detection rates in 2012 and 2013 were 47% and 27% 
respectively. 
In 2012, rainfall increased towards the final quarter of the year, from 144 mm (NE) 
and 145mm (SW) to 263 mm (Pre-NE), as did proportions of positives during those months, 
from 25% (NE) and 57% (SW) to 65% (Pre-NE). Detection rates of human adenoviruses also 
increased from 0% (NE) to 53% (SW) and 60% (Pre-NE). Likewise, detection rates of 
noroviruses increased from 40% (NE) to 67% (SW) and 70% (Pre-NE). 
In 2013, a trend was also observed, although there was a general decrease in the 
proportions of positives as opposed to the previous year. Rainfall was higher at 269mm (NE) 
in the first quarter of the year, then decreased to 153 mm (Pre-SW) and 173 mm (SW) 
midyear, then increased to 322 mm (Pre-NE) towards the end of the year. Similarly, the 
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proportion of positives was higher in the beginning of the year 35% (NE), then decreased to 
15% (Pre-SW) and 21% (SW) midyear, then increased to 28% (Pre-NE) towards the end of 
the year. Detection rates of human adenoviruses also decreased and increased accordingly, 
from 35% (NE) to 0% (Pre-SW) and 10% (SW) to 30% (Pre-NE). Likewise, detection rates of 
noroviruses decreased from 60% (NE) to 0% (Pre-SW) and 45% (SW) and increased to 80% 
(Pre-NE). 
In 2014 (NE), rainfall and overall detection rates decreased to 106 mm and 16% 
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Figure 3.8 Average of monthly rainfall (mm) during the NE (Dec-Mar), Pre-SW (Apr-May), 
SW (Jun-Sep) and Pre-NE (Oct-Nov) monsoon seasons (), and proportions (%) of positives 
detected in each season (). Total count (A), astrovirus (B), human adenovirus (C), norovirus 
(D) and rotavirus (E).  
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To further examine the extent to which rainfall influenced the occurrence of target 
viruses in the catchment, virus concentrations were analyzed together with daily rainfall that 
occurred during the sampling day, previous day or both days (Figure 3.10). Statistical analysis 
using  Spearman’s  rank  correlation  revealed  a  correlation  among  enteric viruses themselves (r 
= 0.19 to 0.36, P < 0.05) and between enteric viruses and rainfall albeit weak (r = 0.19 to 
0.28, P < 0.05) (Table 3.2). In particular, a correlation existed between norovirus 
concentrations and rainfall during the sampling day (r = 0.19, P < 0.05). On the other hand, 
astroviruses and rotaviruses were better correlated with rainfall that occurred during the 
previous day. Astrovirus had the highest correlation coefficient (r = 0.28, P < 0.05), followed 
by rotavirus (r = 0.25, P < 0.05). The presence of human adenoviruses in the catchment did 
not correlate with rainfall which may be due to the interaction between years. When samples 
from Dec 2011 to Mar 2012 (when adenovirus was not detected) were excluded in the 
analysis, the correlation between adenovirus concentration and rainfall was statistically 
significant (r = 0.24, P < 0.05). 
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Table 3.2 Spearman’s rho between enteric viruses, human adenoviruses (HAdV), noroviruses 
(NoV), astroviruses (AstV), rotaviruses (RoV) and rainfall (n=120). Only significant 
correlations are shown (P < 0.05). Rainfall is the total rainfall on the sampling day (during), 
previous day (previous), or both days (2-day). 
 






AstV 1 0.36 0.20 0.22   0.28   
HAdV 0.36 1 0.27 0.27    
NoV 0.20 0.27 1 0.28 0.19   
RoV 0.22 0.27 0.28 1  0.25 0.19 
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3.4 Discussions 
Although Singapore is completely sewered and wastewaters are treated to a high 
degree, the occurrence of enteric viruses has been reported in the local aquatic environment. 
In this study covering the period between December 2011 and March 2014, the percentage of 
surface and catchment water samples that tested positive for at least one of the target human 
enteric viruses was 71%. This is lower than what was previously reported i.e. 83.3% between 
June 2006 to January 2009 (Aw and Gin, 2011). The reduction in occurrence of viral 
pathogens in surface waters may have been due to the overall improvement in catchment 
management by authorities. Full-scale public and private sewer rehabilitation works within 
the catchment area were implemented from 2006 to 2012 in parallel with the construction of 
the barrage that converted the water body into a freshwater source in 2008. Extensive sewer 
repairs within the catchment may have contributed to the improvement in water quality. 
Among human enteric viruses targeted in this study, noroviruses were found to be the 
most prevalent type, detected in 50% of the samples. This percentage is lower than the 
previous study which reported a detection rate of 72% (Aw et al., 2009). Nucleotide similarity 
of clinical and environmental isolates in Singapore also indicated the circulation of 
noroviruses in water (Aw et al., 2009). In both surveys, norovirus GII (NoV GII) was 
observed to be the more dominant genotype with the highest concentration among target 
enteric viruses. Detection rates and mean concentrations of NoV GII were 44% and 6.0 × 102 
GC/L in this study, and 69% and 1.2 × 104 GC/L in the previous study (Aw, 2010). These 
results are comparable to those observed in temperate regions in Asia and Europe as 
noroviruses remain the most important cause of viral gastroenteritis worldwide (Wyn-Jones et 
al., 2011). For instance, high incidences of NoV GI (detection rate of 53% and mean 
concentration of 8.7 × 101 GC/L and 2.1 × 102 GC/L during winter) and NoV GII (detection 
rate of 44% and mean concentration of 6.1 × 102 GC/L and 2.3 × 103 GC/L during winter) 
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have been reported in Japan, where water samples had been collected from a river that was 
affected by effluents from wastewater treatment plants (Haramoto et al., 2005). Norovirus 
detection rates  (54% NoV GI and 63% NoV GII) in river water samples in Japan were also 
found to correlate with the number of acute infectious gastroenteritis patients in the upper 
river basin (Kishida et al., 2012). In South Korea, high incidences (55% NoV GI and 45% 
NoV GII of water samples) were also observed from rivers with low flows that pass through 
urban areas and are affected by untreated domestic and industrial wastewaters (Lee and Kim, 
2008a). Similarly, 83% of river water samples in Spain were positive for NoV GII where the 
sampling point was located downstream of more than 30 sewage treatment plants that 
discharge secondary effluents into the river (Calgua et al., 2013). In Germany, although 
correlations between virus concentrations and proximity of sampling sites to wastewater 
treatment plants were not observed, detection rates were still high (32% NoV GII of river 
water samples) in sampling sites downstream of sewage treatment plants (Hamza et al., 
2009).  
Similarly, the incidence of human adenoviruses in the environment has also declined 
with detection rates of 25% in the current study from 36% in the earlier study (Aw and Gin, 
2011), and mean concentrations of 2.3 × 102 GC/L in the current study from 2.3 × 103 GC/L 
in the earlier study (Aw, 2010). Elsewhere, higher detection rates have been reported. The 
incidence of human adenoviruses has been reported as 61% with concentrations ranging from 
3.2 × 103 GC/L to 1.4 × 105 GC/L (Haramoto et al., 2010) and 44-45% of river water samples 
in Japan (Haramoto et al., 2005, Kishida et al., 2012), 78% of river water samples in South 
Korea (Lee and Kim, 2008b), 97% of river water samples in Germany (Hamza et al., 2009), 
64% of environmental water samples in Brazil (Rigotto et al., 2010) and 48% of surface water 
samples in the United States (Chapron et al., 2000). In Europe, the common occurrence of 
adenoviruses in recreational water samples (detection rate of 36% with a mean concentration 
of 3.0 × 103 GC/L) was attributed to shedding in faeces by adults, as these are shed by many 
individuals often without symptoms (Wyn-Jones et al., 2011). Due to their relative 
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abundance, survival and stability in the environment, the use of human adenoviruses as index 
organisms of microbial water quality in surface and recreational waters has been suggested 
(Lee and Kim, 2008b, Wyer et al., 2012, Wyn-Jones et al., 2011). However, due to their lower 
prevalence in surface waters in Singapore, human adenoviruses may not be the best-suited 
indicator in this region. Moreover, Aw and Gin (2010) found lower numbers of adenoviruses 
than other enteric viruses, specifically noroviruses and astroviruses, in sewage samples in 
Singapore. Hence it is possible that these viruses are being shed at different rates that could 
influence their prevalence in the environment, and consequently their potential to be used as 
water quality indicators.  
Detection rate of astroviruses has also dropped from 50% in 2006 to 2009 (Aw and 
Gin, 2011) to 23% in the current study. These percentages are comparable to those found 
elsewhere, in 22% of river water samples in South Africa (Taylor et al., 2001) and in 52% of 
surface water samples in the United States (Chapron et al., 2000). 
In addition to the previous surveillance study (Aw and Gin, 2011), this study also 
examined the occurrence of rotaviruses in surface waters.  While most rotavirus-related 
deaths occur in developing countries (Tate et al., 2012), their occurrence in surface and 
recreational waters in developed countries has also been documented despite access to 
rotavirus vaccination. In the current study, the prevalence of rotaviruses (27% of surface and 
catchment samples) was lower than noroviruses (50%). A similar finding was reported in 
Nicaragua where the introduction of rotavirus vaccination was found to have reduced the 
transmission of rotaviruses in the community (Bucardo et al., 2011). The prevalence of 
rotaviruses (11%) was also lower than noroviruses (44%) in water samples from a sewage 
treatment plant receiving both domestic and hospital wastewater (Bucardo et al., 2011). 
Lower detection rates have also been observed in South Korea (7% of river water samples) 
(Lee and Kim, 2008b) and Benin West Africa (2.1% of fresh water drinking water source 
samples) (Verheyen et al., 2009). Nonetheless, a higher occurrence of rotaviruses in river 
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water samples (67%) was reported in Brazil which was attributed to upstream sources of 
pollution (Calgua et al., 2013), while in Germany, the high occurrence of rotaviruses (90% of 
river water samples) was attributed to continuous shedding in faeces which might not be 
linked to the presence of gastroenteritis outbreaks (Hamza et al., 2009). 
Visual inspection of land use revealed that higher detection rates were generally 
observed in catchments within commercial and business zones. Even though Singapore is 
completely sewered, as with many cities worldwide, sewage leakage from aging infrastructure 
may result in unintentional contamination of waterways. In station B, which receives runoff 
from the highly built-up central area, higher detection rates of noroviruses (68%), human 
adenoviruses (36%), rotaviruses (32%) and astroviruses (36%) were observed (P < 0.05). 
Consequently, since station B drains into station A, higher detection rates were also observed 
and ranked second highest in terms of noroviruses (52%) and human adenoviruses (28%). 
Both stations A and B receive runoff from the central business district (CBD) where most of 
the office buildings in Singapore are located. There are also plenty of hotels, restaurants and 
retail establishments in the area. It is possible that increased detection rates in these sites were 
a result of increased human activity in the commercial and business districts and possible 
compromises in sewage infrastructure system. 
High detection rates of noroviruses (52%) were also observed in station C, which also 
had the second highest occurrence of rotaviruses (28%) and astroviruses (28%). Station C 
also receives runoff from commercial establishments although its vicinity is not as highly 
built up as the CBD as there are also residential apartments in the area. The canal further 
meets the southern portion of the tributary where station D is located and drains into the same 
basin. There are offices and industrial buildings where the two tributaries meet, while the 
eastern side and upstream tributaries of stations D and E receive runoff mostly from 
residential areas, with a number of sports and recreational parks and reserve sites. The 
detection rates in stations D and E were generally lower than the rest. 
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Wet-weather conditions and storm events have also been associated with the 
prevalence of enteric viruses in the environment (Jiang and Chu, 2004, Taylor et al., 2001). 
Heavy rainfall and flooding have been found to be the most common events preceding 
outbreaks related to waterborne pathogens (Cann et al., 2012). In this study, it is possible that 
pollutants are conveyed in the catchments by urban runoff that is negatively affected by 
leaking sewers and sanitary drain-lines. An investigation of possible sources of pollution in 
storm water drains in Singapore found that sewer leaks at building connections was a source 
of faecal contamination in drains that eventually flow into the catchment (Doshi, 2012). 
Pipeline connections between buildings and the sewer network were found to be particularly 
susceptible to damage and soil subsidence, which is a problem in Singapore, can further 
aggravate the condition of pipes near buildings due to differential displacement (Doshi, 
2012). 
Moreover, a similar trend was observed in the increase and decrease of rainfall and 
seasonal detection rates of viruses in each year. Noroviruses in particular were found to be 
more prevalent when monthly rainfall increased, specifically during the later part of 2012 and 
2013, and were found to correlate with the amount of rainfall during the sampling day (P < 
0.05). Similarly, it has been shown in the previous study that norovirus activity and outbreaks 
tend to increase during the second half of the year from July to January (Aw et al., 2009). The 
previous study also showed that human adenoviruses were more frequently detected in the 
catchment during the wetter months (November and December) than during the drier months 
(June to August and October) (Aw, 2010). In this study, seasonal rainfall and adenovirus 
detection rates were observed to follow a similar trend, although their concentrations did not 
necessarily correlate with daily rainfall. Conversely, while no obvious patterns were observed 
for astroviruses and rotaviruses, their concentrations correlated with the amount of antecedent 
rainfall (P < 0.05). However, caution is needed in interpreting seasonal detection rates as 
rainfall patterns may vary from year to year. For instance, between 2012 and 2013, Pre-NE 
and NE monsoon rains were 263 and 269 mm respectively (monthly average). However, 
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between 2013 and 2014, an earlier onset of monsoons rains was observed, with a much higher 
rainfall during the Pre-NE (322 mm) than the NE (106 mm) season. Moreover, overall 
detection rates diminished over time, with higher overall detection rates in 2012 (47%) than 
2013 (27%). 
Elsewhere, enteric viruses have also been detected more frequently during winter to 
early spring, such as noroviruses detected in river waters in Japan (Haramoto et al., 2005, 
Kishida et al., 2012), rotaviruses detected in gastroenteritis patients in El Salvador (Guardado 
et al., 2004) and wastewater effluent and receiving streams in China (Li et al., 2011), and 
astroviruses in temperate zones (Nwachuku and Gerba, 2006). However, seasonal patterns of 
distribution are not always present. No seasonal patterns were observed for adenoviruses and 
rotaviruses in drinking water sources during dry and wet seasons in Benin, West Africa 
(Verheyen et al., 2009). Similarly, variability was not observed for adenoviruses or 
enteroviruses in urban rivers in southern California (Choi and Jiang, 2005). In river waters in 
Poland, adenoviruses were detected throughout the year while noroviruses were only present 
during  summer  in  contrast  to  conventional  ﬁndings  (Kozyra et al., 2011). This suggests that a 
combination of factors may play a role in the occurrence of enteric viruses in water such as 
viral stability in the environment, infection and associated excretion from the surrounding 
communities and increased viral loads after first run-off due to spring rains (Taylor et al., 
2001).  
In Singapore, the occurrence of human enteric viruses in the environment is attributed 
to non-point sources of pollution as the entire island is completely sewered and treated 
wastewater effluent is discharged at sea. Transport of viral contamination by urban runoff is 
likely and is further enhanced by wet-weather conditions. Results of this study showed that 
detection rates may increase or decrease between seasons similar to rainfall trends, and 
evidence from literature indicates that faecal pollution from sewer leaks at building pipe 
connections and sanitary-drains flow into storm water drains that eventually end up in 
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catchments and reservoirs. There is also some evidence to show that increased human activity 
in the commercial and business districts may have an additional impact on the occurrence of 
enteric viruses in the environment. This in agreement with findings in the Unites States where 
increased microbial concentrations were observed in inland watersheds and creeks due to 
non-point sources of contamination from increasing urbanization and storm events (Rowny 
and Stewart, 2012). Therefore, public and private sewer rehabilitation works in the catchment 
area should continue and should prioritize high-population density areas, targeting older 
infrastructure where deterioration is most likely. Moreover, since the reservoir has been 
converted to a freshwater source and recreational site, continuous water quality monitoring is 
advised to ensure public safety. A systematic sampling regime that involves a more detailed 
survey (including enteric viruses, in particular, noroviruses) can help in controlling the 
occurrence and spread of waterborne diseases. 
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3.5 Conclusions 
This chapter presented the prevalence of enteric viruses in an urbanized tropical 
catchment. Out of 120 surface and catchment water samples tested, 85 (71%) tested positive 
for at least one of the target human enteric viruses (astroviruses, human adenoviruses, 
noroviruses and rotaviruses). This percentage has dropped from 83% in 2009 likely due to 
overall improvement in catchment management and full-scale sewer rehabilitation works in 
2012. Among human enteric viruses targeted in this study, noroviruses were found to be the 
most prevalent type detected in 50% of the samples, followed by rotaviruses (27%), human 
adenoviruses (25%) and astroviruses (23%).  
Among sampling sites, station B had the highest occurrence and concentrations of 
enteric viruses. The proportion of positives (49%) in station B was significantly higher than in 
other locations (P < 0.05). Of particular interest are noroviruses which had a detection rate of 
68% and a geometric mean of 2.1 × 102 GC/L in the canal. The prevalence of viral 
contamination in station B is likely due to the impact of increased human activity in the 
commercial and business districts relative to the other catchments, which are mostly 
residential. 
The increase and decrease in seasonal detection rates and rainfall have also been 
found to follow a similar trend when examined on an annual basis. Noroviruses in particular 
were found to be more prevalent when monthly rainfall increased and were found to correlate 
with the amount of rainfall during the sampling day (P < 0.05). Past studies indicated that 
storm drains are negatively impacted by faecal pollution from leaking sewer pipes at building 
connections and sanitary-drains. Not surprisingly, increased urban runoff has resulted in the 
increase in occurrence of viral contamination in surface waters.  
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Noroviruses remain the leading cause of acute viral gastroenteritis worldwide and 
their prevalence in the catchment area, which has been transformed into a freshwater source 
and recreational site, warrants a more detailed investigation on their impacts on public health. 
Human health risk assessment may be helpful in controlling the occurrence and spread of 
waterborne diseases in Singapore. There also appears to be a connection between the 
prevalence of enteric viruses, high-population density areas, storm and urban runoff. 
Therefore, based on these criteria, a targeted approach may be implemented during sewer 
rehabilitation to improve water quality in the catchment. 
  111 
 
4 RISKS ASSOCIATED WITH ENTERIC VIRUSES IN 
RECREATIONAL WATERS 
4.1 Introduction 
In the previous chapter, the prevalence of enteric viruses in catchments and reservoirs 
was established. Associated human health risks related to waterborne viral pathogens are 
examined in this chapter, which correspond to the first objective of this thesis. 
Current practices in water quality monitoring include the measurement of faecal 
indicator bacteria such as E. coli and enterococci in recreational waters. Concentrations of 
faecal indicator bacteria in the environment have been statistically associated with the 
occurrence of swimming related illnesses and have become the basis of recreational water 
quality criteria (USEPA, 2012a). Water quality guidelines based on faecal indicators are 
assumed to be indicative of health related exposure risks from pathogens (Cole et al., 2003), 
although indicators themselves may not necessarily be the cause of the illness. 
However, bacterial indicators are known to behave differently from enteric viruses 
which are considered to be a significant cause of waterborne disease in recreational waters 
(Sinclair et al., 2009). Infectious enteric viruses have been detected in lake water with 
acceptable microbiological water quality for E. coli, enterococci and coliphages (Pusch et al., 
2005), and in surface waters  that  would  have  met  USEPA’s recommended E. coli guideline 
for safe recreational water (Denis-Mize et al., 2004). Viruses have also been detected in 
drinking water, which met bacterial standards that consequently led to several disease 
outbreaks (Keswick et al., 1984, Maunula et al., 2005, Sobsey, 1997).  
Noroviruses in particular have been found to cause the majority of outbreaks 
worldwide, followed by adenovirus, echovirus, hepatitis A virus and coxsackieviruses 
(Sinclair et al., 2009). Noroviruses are single-stranded RNA viruses that can be subdivided 
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into 29 genetic clusters under five genogroups (8 in GI, 17 in GII, 2 in GIII, and 1 each in 
GIV and GV) of which GI and GII are commonly associated with human illnesses (Zheng et 
al., 2006). Most norovirus infections occur among elderly persons, young children and 
immunocompromised patients. Symptoms including diarrhea, vomiting, nausea and fever 
occur within 48 hours of exposure and (WHO, 2006). Efforts are being made to develop and 
validate infectivity assays for noroviruses (Takanashi et al., 2014), however to date, detection 
of noroviruses in the environment rely largely on molecular techniques. 
Adenoviruses are double-stranded DNA viruses that can be subdivided into 51 
serotypes of which 30% are pathogenic to human. The majority of waterborne isolates are 
types 40 and 41 that cause adenovirus-related gastroenteritis. Human adenoviruses cause mild 
diarrhea and mainly affects children. Respiratory strains of adenovirus are also known to 
grow well in the gut and are shed in faecal matter (Carter, 2005). However, enteric serotypes 
40 and 41 are predominant among all serotypes in aquatic environments (Haramoto et al., 
2007). Due to their prevalence in the environment, continuous shedding from adults (even 
without symptoms) and the availability of both molecular and infectivity assays, human 
adenoviruses have been proposed as indicators of bathing water quality (Wyer et al., 2012, 
Wyn-Jones et al., 2011). 
Enteric viruses have been detected in catchments and surface waters in Singapore, of 
which noroviruses have been found to be the most prevalent type (Aw and Gin, 2011, 
Rezaeinejad et al., 2014, Vergara et al., 2015). Similarities in nucleotide sequences of 
environmental and clinical isolates of noroviruses during gastroenteritis outbreaks in 2006-
2007 suggest their circulation in the environment (Aw et al., 2009). Their occurrence in 
surface waters is of concern to public health since the water body is utilised for water supply 
and recreation.. 
A tool that water quality managers use to estimate probable illness due to waterborne 
pathogens is quantitative microbial risk assessment (QMRA). QMRA estimates risks based 
  113 
on concentrations of pathogens in the environment and the infectivity of those pathogens to 
humans (Hunter et al., 2003). QMRA has been used to predict illness rates caused by viral 
pathogens in recreational waters (Chigor et al., 2014, Gerba et al., 1996b, Kundu et al., 2013, 
McBride et al., 2013, Viau et al., 2011, Wong et al., 2009) and to simulate the influence of 
multiple sources of faecal pollution in receiving water bodies (Schoen and Ashbolt, 2010, 
Soller et al., 2010b, Soller et al., 2014). 
Therefore, in the interest of public health and safety, this study aimed to quantify the 
risks associated with enteric viruses in a water body where most recreational activities such as 
boating and kayaking are held. 
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4.2 Methods 
4.2.1 Collection of diel samples 
Water samples were collected from a water body in the central region of Singapore. 
The area is primarily used for dragon boating, canoeing, and water skiing, with designated 
areas for fishing, shallow areas for basic training, and sandy beach for picnics. Land use near 
the vicinity is mostly residential with pockets of industrial and office buildings. 
Intensive water quality monitoring was carried out on January 7, 8 and 9, 2014. The 
purpose of the intensive sampling was to determine peaks and valleys in microbial 
concentrations that may occur in a 24-hour period and to account for spatial variation in water 
quality. Twenty-liter (20L) water samples were collected at 4-hour intervals from four 
locations.  
A total of 12 samples were collected at each station totaling 48 water samples overall. 
These were processed and analyzed for the presence of human adenoviruses and noroviruses. 
A total of 4.6, 0.2 and 1.6 millimeters of rain were recorded on January 6, 8 and 9 
respectively. 
 
4.2.2 Processing of water samples and detection of enteric viruses 
Water samples were concentrated using hollow fiber as described in Chapter 3.2.2.2 
and detection of enteric viruses was carried out as described in Chapter 3.2.3. 
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4.2.3 Risk Assessment 
To estimate dose, an appropriate probability distribution for each virus data set was 
selected. Data was fitted using the nondetects and data analysis (NADA) software for Minitab 
which employs ROS (Helsel, 2012). The censqq function was used to generate probability 
plots for four distributions (weibull, lognomal, log-logistic and normal) based on interval 
censored data, to avoid substitution of nondetects. The plot with the straightest pattern and 
highest correlation coefficient was selected. Using this function, only detected observations 
are plotted, but their positions (percentiles) are adjusted for the nondetects in the data set. 
Percentiles and estimated mean and standard deviation are also computed for each 
distributional fit (Helsel, 2012). Alternatively, the effect of substitution of detection limit to 
nondetects was examined and goodness-of-fit statistics and shape parameters were generated 
using Oracle Crystal Ball. Finally, the effect of variable recovery rates on probability of 
illness estimates was also examined. Recovery of viruses using the hollow fiber filtration 
system ranged from 72% to 103% and the efficiency of the enumeration method ranged from 
70% to 135%. Given these uncertainties in recovery, sensitivity analysis was carried out 
based on lower and upper recovery estimates, which are approximately 50% and 140% 
respectively. Concentrations were estimated by generating probability plots using NADA 
based on interval censored data. In the best case scenario, measured concentrations are taken 
as the maximum value while in the worst case scenario, measured concentrations are taken as 
the minimum value. 
Exposure duration and ingestion rates were assumed to follow a PERT distribution 
following the approach of Kundu et al. (2013). Minimum, most likely and maximum values 
for exposure duration were 0.25, 0.5 and 2 hours, which represent the duration of dragon boat 
activities typically conducted in the reservoir. For primary contact recreation, a point estimate 
of 50-100 ml is typically applied during swimming activities (Haas et al., 1999, Gerba et al., 
1996b). In a more detailed study, water ingestion during swimming activities ranged between 
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0 to 53ml for adults and 0 to 154ml for children per 45 minutes of swimming activity (Dufour 
et al., 2006). Therefore minimum, most likely and maximum values primary contact ingestion 
rates were assumed to be 10, 50 and 100 ml/hr for adults (Kundu et al., 2013). Ingestion rates 
for children during primary contact recreation were assumed to be twice that of adults (20, 
100 and 200 ml/hr) as children were found to ingest twice as much water during swimming 
(Dufour et al., 2006). Secondary contact recreation ingestion rates were assumed to be one-
half of primary contact (5, 25 and 50 ml/hr) and reduced secondary contact rates were 
assumed to be one-tenth (1, 5 and 10ml/hr) which reflect estimates from a study conducted by 
Dorevitch et al. (2011) during limited-contact recreation (kayaking, canoeing and fishing) in 
surface waters where mean and upper confidence estimates were 3-4 ml and 10-15 ml 
respectively. 
For human adenoviruses, the probability of illness given infection (Pill) was 50% 
(Kundu et al., 2013, McBride et al., 2013, Viau et al., 2011) in which probability of infection 
(Pinf) was calculated using the equation given below (Couch et al., 1966, Crabtree et al., 
1997). Since the form of dose for adenovirus was given in TCID50 in clinical trials, an 
equivalent factor was applied to harmonize measured adenovirus genomes following the 
approach of McBride et al. (2013) where 1 TCID50 = 700 genomes. 
Equation 4.1 
𝑃௜௡௙ = 1 −  𝑒ିௗ௢௦௘  ×  ௥  𝑤ℎ𝑒𝑟𝑒  𝑟 = 0.4172 
For noroviruses, the probability of illness given infection (Pill) was 60% (McBride et 
al., 2013, Soller et al., 2010b, Viau et al., 2011) in which probability of infection (Pinf) was 
calculated using the equation from Messner et al. (2014) as follows. 
Equation 4.2 
𝑃௜௡௙ = 𝑃  ൫1 −  𝑒ିௗ௢௦௘ ఓ⁄ ൯  𝑤ℎ𝑒𝑟𝑒  𝑃 = 0.722  𝑎𝑛𝑑  𝜇 = 1,106 
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4.3 Results 
4.3.1 Occurrence of enteric viruses 
In general, water samples contained at least one of the target pathogens (Figures 4.1 
and 4.2). There were 41 out of 48 samples (85%) that were positive for either adenovirus or 
norovirus. Noroviruses were detected in 75% of the samples, while human adenoviruses were 
detected in 60% of the samples. Among positive samples, geometric mean and median 
concentrations of noroviruses were 1.5 × 103 GC/L and 1.7 × 103 GC/L respectively, while 
geometric mean and median concentrations of human adenoviruses were 8.5 × 102 GC/L and 
9.0 × 102 GC/L respectively. Samples from station D contained significantly lower 
concentrations of noroviruses, with a geometric mean of 9.5 × 102 GC/L while concentrations 
of human adenoviruses where not significantly different among four sampling sites (Kruskal-
Wallis, P < 0.05) as shown in Figure 4.3 below. 
 




Figure 4.1 Concentration of human adenoviruses (GC/L) in stations C to F 
 





Figure 4.2 Concentration of noroviruses (GC/L) in stations C to F 
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Figure 4.3 Boxplot of virus concentrations in different sampling locations. Mean 




4.3.2 Diurnal variation  
Virus concentrations in the catchment varied throughout the day from below 
detection limit to 103 GC/L (Figure 4.4). The maximum norovirus concentration (4.5 × 103 
GC/L) was recorded at station E on January 8 at 3:00 AM, while the maximum human 
adenovirus concentration (5.4 × 103 GC/L) was recorded at station D on January 7 at 3:00 
PM. Microbial concentrations were averaged for each time point. Overall, average 
concentrations from four stations seemed to dip between 3:00 PM and 3:00 AM for all 
viruses. Peak concentrations of noroviruses occurred at 3:00 PM and 3:00 AM while peak 
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4.3.3 Fitted distribution 
Using NADA (Helsel, 2012), the following probability plots were generated based on 
interval censored data to avoid substitution of nondetects. For both human adenovirus and 
norovirus, the Weibull distribution ranked the highest among fitted (Figures 4.5 and 4.6). 
Alternatively, the effect of substitution was examined, and the lognormal distribution ranked 
the highest among fitted distributions for human adenoviruses based on the Anderson-Darling 
(A-D) and Kolmogorov-Smirnov (K-S). However, for noroviruses, the beta distribution 
ranked the highest among fitted distributions (Table 4.1). Therefore, the beta distribution was 
also selected for noroviruses, in addition to the lognormal distribution, for subsequent 
analysis. Fitted lognormal distribution curves for human adenoviruses generated from 
substitution of detection limit for nondetects were comparable to actual measured 
concentrations  (Figure 4.7). For noroviruses, fitted lognormal and beta distribution curves 
were slightly higher than actual measured concentrations (Figures 4.8).  
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Figure 4.5 Probability plots for human adenovirus based on interval censored data (without 
substitution). Correlation coefficients are given in parenthesis. 
 
 
Figure 4.6 Probability plots for norovirus based on interval censored data (without 
substitution). Correlation coefficients are given in parenthesis. 
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Table 4.1 Goodness-of-fit statistics (P < 0.05) of fitted distributions for human adenovirus (A) 
and norovirus (B) (n=48) ranked according to the Anderson-Darling (A-D) and Kolmogorov-
Smirnov (K-S) test. Censored data were substituted with the detection limit. 
(A) 
Distribution A-D K-S Parameters 
Lognormal 2.99 0.23 Location=0, Mean=791, Std. Dev.=1336 
Exponential 3.62 0.24 Rate=0 
Logistic 3.66 0.29 Mean=580, Scale=506 
Max Extreme 3.7 0.24 Likeliest=411, Scale=537 
Student's t 4.61 0.24 Midpoint=792, Scale=905, Deg. Freedom=8 
Normal 4.88 0.26 Mean=792, Std. Dev=1045 
Min Extreme 7.22 0.36 Likeliest=1409, Scale=1590 
Gamma 12.48 0.35 Location=129, Scale=6630, Shape=0.1 
Pareto 14.88 0.37 Location=126, Shape=0.859 
BetaPERT 16.67 0.38 Minimum=75, Likeliest=129, Maximum=6166 
 
(B) 
Distribution A-D K-S Parameters 
Beta 0.8 0.13 Minimum=0, Maximum=4969, Alpha=0.99, Beta=2.20 
Logistic 1.2 0.15 Mean=1277, Scale=703 
Normal 1.26 0.13 Mean=1384, Std. Dev.=1186 
Max Extreme 1.32 0.14 Likeliest=838, Scale=908 
Min Extreme 1.82 0.19 Likeliest=2002, Scale=1271 
Exponential 1.97 0.18 Rate=0 
Student's t 2.52 0.19 Midpoint=1384, Scale=532, Deg. Freedom=1 
Lognormal 2.91 0.18 Location=0, Mean=1896, Std. Dev=4554 
BetaPERT 3.38 0.2 Minimum=-232, Likeliest=892, Maximum=4969 
Weibull 4.11 0.22 Location=35, Scale=1403, Shape=1.13 
 
 





Figure 4.7 Fitted lognormal distribution for human adenovirus concentrations when 





















 Figure 4.8 Fitted lognormal (A) and beta distribution (B) for norovirus concentrations when 
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4.3.4 Probability of illness 
The resulting probability of illness (Pill) estimated from Monte Carlo simulations (n = 
10,000) ranged in the order of 10-5 to 10-1 (5th to 95th percentile values) depending on virus 
type and exposure assumptions. In the base scenario, interval censored data were fitted into a 
Weibull distribution (Weilbull, Cens). For human adenoviruses, 95th percentile estimates of 
risks were 0.038, 0.074, 0.020 and 0.0041 for primary contact recreation of adults and 
children, secondary and reduced secondary contact recreation respectively. Alternatively, 
when nondetects were substituted with detection limits and the lognormal distribution was 
selected (lognormal, DL), probability of illness due to primary contact recreation decreased to 
0.030 for adults and 0.60 for children, while illness risks due to secondary and reduced 
secondary contact recreation decreased to 0.016 and to 0.0031 respectively (Figures 4.9 and 
4.10).  
For noroviruses, 95th percentile estimates of risks were 0.070, 0.13, 0.036 and 0.0075 
for primary contact of adults and children, secondary and reduced secondary contact 
recreation respectively (Weibull, Cens). Alternatively, when substitution was performed, 
probability of illness due to primary contact recreation increased to 0.091 for adults and to 
0.17 for children, while illness risks due to secondary and reduced contact recreation 
increased to 0.049 and 0.010 respectively (lognormal, DL). When the beta distribution was 
selected, probability of illness due to primary contact recreation decreased to 0.061 for adults, 
0.12 for children, 0.031 for secondary and 0.0064 for reduced secondary contact (Figures 4.11 
and 4.12). 
In majority of the cases (>57%), mean risks fall below the stipulated guideline of 
0.036 (36/1000) for marine and fresh recreational waters (USEPA, 2012a). Mean risks due to 
human adenoviruses across all exposure scenarios ranged from 0.00085 to 0.018 and mean 
risks due to noroviruses ranged from 0.0021 to 0.041 (Table 4.2). Unlike adenoviruses, mean 
risks due to noroviruses from primary contact recreation of children exceeded 0.036 with 
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values of 0.037 (Weibull, Cens), 0.041 (lognormal, DL) and 0.040 (beta, DL). Sensitivity 
analysis based on variable recovery rates resulted in a slightly lower mean value of 0.032. 
However, the upper estimate of the mean accounting for possible losses in recovery was much 
higher at 0.052 (Table 4.3). For secondary contact recreation, mean risks were below 0.036 
for both adenovirus and norovirus regardless of the treatment of nondetects and variable 
recovery, with values of 0.0046 (0.0040-0.0055) and 0.010 (0.0088-0.015) respectively 
(lower and upper estimates are given in parenthesis). 
Therefore, under assumptions made in this study, among which include 1) observed 
virus concentrations follow the Weibull distribution based on interval censored data (to avoid 
substitution of nondetects), 2) ingestion rates and exposure duration follow the PERT 
distribution with minimum, most likely and maximum values of 5, 25 and 50 ml/hr (or 
reduced secondary ingestion rates of 1, 5, and 10 ml/hr) and 0.25, 0.5 and 2 hours 
respectively, surface waters may be considered safe for secondary contact recreation as mean 
risks for both noroviruses and adenoviruses were below 0.036 in more than 90% of the trials. 
 
 






Figure 4.9 Probability of illness due to human adenoviruses estimated from Monte Carlo 
simulations (n = 10,000). Exposure scenarios include primary contact recreation for (A) 
adults and (B) children based on interval censored data (¯) and substitution of detection 
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Figure 4.10 Probability of illness due to human adenoviruses estimated from Monte Carlo 
simulations (n = 10,000). Exposure scenarios include (A) secondary and (B) reduced 
secondary contact recreation based on interval censored data (¯) and substitution of detection 
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Figure 4.11 Probability of illness due to noroviruses estimated from Monte Carlo simulations 
(n = 10,000). Exposure scenarios include primary contact recreation for (A) adults and (B) 
children based on interval censored data (¯) and substitution of detection limits in the 
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Figure 4.12 Probability of illness due to noroviruses (lognormal) estimated from Monte Carlo 
simulations (n = 10,000). Exposure scenarios include (A) secondary and (B) reduced 
secondary contact recreation based on interval censored data (¯) and substitution of detection 
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Table 4.2 Comparison of mean probability of illness (Mean Pill) and percentage of trials with probability of illness below 0.036 (Pill<0.036) for human 
adenoviruses (HAdV) and noroviruses (NoV) based on interval censored data (Cens) and substitution of detection limit (DL) for nondetects. 

























             
HAdV             
  Mean Pill 0.0092 0.0083  0.018 0.016  0.0046 0.0042  0.00095 0.00085  
  Pill<0.036 94% 96%  86% 89%  98% 99%  100% 100%  
             
NoV             
  Mean Pill 0.020 0.023 0.021 0.037 0.041 0.040 0.010 0.012 0.011 0.0021 0.0026 0.0022 
  Pill<0.036 84% 83% 82% 66% 69% 57% 95% 92% 97% 100% 99% 100% 
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Table 4.3 Effect of variable recovery on probability of illness estimates based on interval 
censored data and Weibull distribution. 
 Human adenovirus  Norovirus 
 Risk estimate Lower Upper  Risk estimate Lower Upper 
       
Primary contact (Adult)       
Mean 0.0092 0.0079 0.011  0.020 0.017 0.029 
5% 0.000043 0.000032 0.000044  0.00059 0.00044 0.00056 
50% 0.0030 0.0025 0.004  0.011 0.0094 0.015 
95% 0.038 0.034 0.045  0.070 0.060 0.11 
        
Primary contact (Child)       
Mean 0.018 0.015 0.021  0.037 0.032 0.052 
5% 0.000082 0.000063 0.000088  0.0011 0.00087 0.0011 
50% 0.0060 0.0049 0.0073  0.022 0.019 0.029 
95% 0.074 0.064 0.088  0.13 0.11 0.19 
        
Secondary contact       
Mean 0.0046 0.0040 0.0055  0.010 0.0088 0.015 
5% 0.000022 0.000015 0.000021  0.00029 0.00023 0.00028 
50% 0.0015 0.0013 0.0018  0.0057 0.0047 0.0073 
95% 0.020 0.017 0.024  0.036 0.031 0.057 
        
Reduced secondary 
contact 
      
Mean 0.00095 0.00083 0.0011  0.0021 0.0018 0.0031 
5% 0.0000045 0.0000030 0.0000043  0.000061 0.000045 0.00005
8 
50% 0.00030 0.00025 0.00037  0.0011 0.00094 0.0015 
95% 0.0041 0.0035 0.0048  0.0075 0.0064 0.012 
        
 
  135 
 
4.4 Discussions 
Illness risks associated with exposure to human adenoviruses and noroviruses in 
recreational waters were evaluated in this study. The results of this study showed that 
microbial concentrations varied in a short period of time in a relatively small catchment, 
which influenced the estimation of illness risks. Noroviruses were detected more frequently 
(75%) and had higher concentrations (geometric mean of 1.5 × 103 GC/L) in water samples 
than adenoviruses (detection rate of 60% and geometric mean of 8.5 × 102 GC/L). Virus 
concentrations fluctuated throughout the day, however, more data sets are desirable to 
confirm observed patterns. As the origin of viral contamination in the catchment is attributed 
to non-point sources of pollution and urban runoff (as discussed in the previous chapter), 
diurnal variation in microbial concentrations may be partly explained by changes in 
environmental conditions from night to day and vice versa. For instance, E. coli 
concentrations were found to decrease exponentially with day length and insolation in Lake 
Michigan, and a reduction in inactivation was observed with cloud cover (Whitman et al., 
2004). Another study conducted in Miami Florida demonstrated how sampling at different 
times of day had significant impacts on beach management decisions as enterococci levels 
decreased in response to environmental conditions (Enns et al., 2012). For instance, swim 
advisories would not be issued based on samples taken at noon as they were all below the 
standard (104 CFU/100ml enterococci) while advisories would have been issued based on 
samples taken at other times. Moreover, the presence of Staphylococcus aureus in water 
samples did not correlate with levels of enterococci suggesting limitations in the use of faecal 
indicators to assess the risk for some pathogens (Enns et al., 2012). It is for these reasons that 
frequent sampling was carried out to capture variations in viral concentrations that may occur 
at different times of the day and at different sites in the catchment so as to provide a more 
accurate estimate of risks.  
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Published dose-response models were applied in QMRA, specifically, the exponential 
model for adenovirus (Couch et al., 1966, Crabtree et al., 1997) and the fractional Poisson 
model for norovirus (Messner et al., 2014). These models are a function of dose and dose-
response parameters derived from feeding trials. In this study, dose was estimated by 
generating probability distribution curves based on observed virus concentrations multiplied 
by assumed ingestion rates and exposure duration. Virus concentrations were measured from 
water samples collected at 4-hourly intervals within a 48-hour period from 4 locations within 
the catchment basin. A number of fitted curves were applicable to our data (Table 4.1). The 
lognormal distribution curve was selected for adenoviruses, and the lognormal and beta 
distributions were selected for noroviruses based on the Anderson-Darling criterion. The 
effect of fitting various distribution curves on viral loads was demonstrated by Kundu et al. 
(2013). Among distribution curves (lognormal, log-logistic, Pearson 6, Weibull, exponential 
and hockey-stick) the lognormal distribution provided the best fit for measured adenovirus 
concentrations while the exponential distribution was the least appropriate (Kundu et al., 
2013). Moreover, the log-logistic distribution estimated the highest risks while lower risks 
were observed using the hockey stick distribution (Kundu et al., 2013). In this study, the 
lognormal distribution resulted in higher illness risks from noroviruses, with upper 95th 
percentile values of 0.010-0.17 across all exposure scenarios compared to the beta distribution 
with upper 95th percentile values of 0.0064-0.12, and the Weibull distribution with upper 95th 
percentile values of 0.0075-0.13 across all exposure scenarios.  
The effect of substitution led to either a decrease or increase in risk estimates for 
human adenoviruses than noroviruses. For instance, for human adenoviruses, mean illness 
risks due to secondary contact recreation decreased by 8% from 0.0046 (Weibull, Cens) to 
0.0042 (lognormal, DL) thereby increasing the probability of trials to meet the threshold by 
1%. For noroviruses, mean illness risks due to secondary contact recreation increased by 17% 
from 0.010 (Weibull, Cens) to 0.012 (lognormal, DL) thereby reducing the probability of 
trials to meet the threshold by 3% (Table 4.2). Therefore, treatment of nondetects by 
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substitution of detection limits may lead to an overestimation of risks (as in the case of 
noroviruses) or underestimation of risks (as in the case of adenoviruses). However, treatment 
of nondetects had a lesser impact on risk estimates relative to the effect of variable recovery 
rates. Upper risk estimates increased by 20%, with a value of 0.0055, for human adenoviruses 
and by as much as 45%, with a value of 0.015, for noroviruses, thereby reducing the 
probability of trials to meet the threshold by 1% and 6% respectively. 
Mean illness risks were also compared to the guideline value of 0.036 for marine and 
fresh recreational waters (USEPA, 2012a). A number of exposure routes were examined 
including primary contact recreation for adults and children (although these are currently 
prohibited in the catchment) and secondary contact recreation. In more than half (>57%) of all 
trials, mean illness risks were below the threshold. For cases involving primary contact and 
secondary contact of adults, a high percentage of trials (>80%) were below 0.036. However, 
children suffered from higher risks due to primary contact recreation as a result of higher 
assumed ingestion rates. For instance, in children, more than 30% of all trials for noroviruses 
exceeded the threshold (compared to below 20% in adults) (Table 4.2). This assumption that 
children are more prone to infection is supported by field outcomes. In a comprehensive 
review of swimming-related GI outbreaks worldwide, higher illness rates were observed 
among children swimmers than adult swimmers, as children are said to be more susceptible to 
infection, exhibit more severe symptoms and are more likely to ingest water during bathing 
(Sinclair et al., 2009). Nonetheless, sensitivity analysis of the variables affecting risks showed 
that pathogen concentration contributed the maximum variability in estimation of the risk 
accounting for more than 80% of the variability across all scenarios, followed by exposure 
duration and ingestion rate. Therefore, in order to reduce risks, attention should be given to 
the reduction of viral occurrence in the catchment. 
Secondary contact recreation activities typically held in the catchment include 
kayaking, canoeing and dragon boat racing. Dragon boat practice sessions may last for about 
  138 
2 hours and races can vary from 90 seconds to 50 minutes depending on the race distance. 
Therefore, we assumed 2 hours as the maximum exposure duration for risk assessment. For 
ingestion rates, Dorevitch et al. (2011) suggested 10-15 ml as the upper confidence estimate 
for limited-contact recreation in surface waters. Limited-contact recreation activities included 
kayaking, canoeing, rowing, motor boating and splashing. However, the study did not include 
dragon boat racing which has a larger crew (up to 22 paddlers) than canoeing or kayaking (up 
to 4 paddlers). Ingestion of water from splashing, caused by the person seated in front of the 
paddler, is the most common route of exposure in dragon boat racing. Those who are seated 
behind also tend to experience more splashing than those in front. Therefore, we assumed two 
scenarios for secondary contact recreation. In the first scenario, a conservative assumption of 
5, 25 and 50 ml/hr was applied, which is equal to one-half of primary ingestion rates or five 
times the estimates of Dorevitch et al. (2011). In the second scenario, ingestion rates were 
reduced to 1, 5 and 10ml/hr to reflect previous estimates for canoeing and kayaking activities 
(Dorevitch et al., 2011). Calculated risks based on higher ingestion rates for secondary 
contact recreation resulted in mean probability of illness below 0.036 for both human 
adenovirus (Pill = 0.0046) and norovirus (Pill = 0.010). 
In this study, illness risks associated with noroviruses (0.074, 95th percentile) were 
higher than adenoviruses (0.17, 95th percentile). Similarly, noroviruses were found to be the 
dominant predicted health risk in stormwater discharges in California (McBride et al., 2013). 
A number of reference pathogens were examined including Cryptosporidium, Giardia, 
Salmonella, norovirus, rotavirus, enterovirus and adenovirus. Noroviruses displayed the 
highest risks, followed by rotaviruses, despite the lower concentration assumptions for 
noroviruses than rotaviruses in all discharges (analysis of adenoviruses were limited to the 
inhalation pathway) (McBride et al., 2013). This is in contrast to the findings of Viau et al. 
(2011) who predicted higher risks for adenoviruses (0-0.7) than noroviruses (0-0.5) in streams 
that discharge into coastal waters, despite the higher prevalence and concentrations of 
noroviruses (12.5%-22% detection rate and 1.4 × 104 GC/L max. conc.) than adenoviruses 
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(15% detection rate and 4.8 × 101 GC/L max. conc.). Nevertheless, both adenoviruses and 
noroviruses predicted higher illness risks than bacterial pathogens Campylobacter and 
Salmonella (Viau et al., 2011). Similarly, human adenoviruses were found to account for the 
largest risks from drinking untreated river and dam water in South Africa (Chigor et al., 
2014). Illness risks from adenoviruses (0.0073-1) were higher than rotaviruses (0.042-0.65), 
Hepatitis A virus (0.00023-0.17) and enteroviruses (0.00013-0.057). The results of QMRA 
also reflect their occurrence in the environment as human adenoviruses were detected more 
frequently than rotaviruses and at higher concentrations in 4 out of 5 sampling sites, while 
Hepatitis A virus was highest only at dammed sites and enteroviruses were the lowest in all 
sites (Chigor et al., 2014).  
The use of rotaviruses and adenoviruses as reference viral pathogens in water have 
been suggested by various jurisdictions due to the availability of infectivity assays and since 
adenoviruses are more resistant in the environment relative to the other pathogens (Ashbolt, 
2015). However, in Singapore, the prevalence of adenoviruses in the environment and their 
associated risks in recreational waters are both lower than noroviruses. Also, rotavirus 
immunization in children may diminish their occurrence in the environment, while norovirus-
associated outbreaks are continuously being reported (Aw et al., 2009, Ho et al., 2015, MOH, 
2014, Yap et al., 2012). Therefore, noroviruses are better suited as reference pathogens in 
recreational waters in Singapore.  Noroviruses have also been reported to cause the most 
number of gastrointestinal illness in all regions of the world and is considered to be one of the 
most conservative virus targets for drinking-water QMRA studies (Ashbolt, 2015). 
However, the absence of infectivity data for both noroviruses and adenoviruses 
creates uncertainty to the estimates presented herein. In this study, 700 genomes were 
assumed to equal 1 TCID50 following the approach of (Kundu et al., 2013) as the exponential 
model for adenoviruses was expressed in TCID50 (Couch et al., 1966). On the other hand, the 
fractional Poisson model for noroviruses (Messner et al., 2014) takes into account an 
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aggregated dose which is equivalent to the number of genomes divided by the mean number 
of genomes per aggregate   (μ=1106).   Although molecular techniques fail to distinguish 
infectious from non-infectious virus particles, qPCR results indicate viral contamination at the 
very least. In the US, efforts have been undertaken to relate qPCR measurements with health 
effects. In studies conducted in bathing sites in the Great Lakes, swimming-associated 
gastrointestinal illnesses were positively associated with enterococcus qPCR cell equivalents 
(Wade et al., 2008). In this regard, USEPA has included enterococcus qPCR guidelines for 
beaches in the recent RWQC (USEPA, 2012a). Therefore it would not be surprising if the 
same were true for noroviruses, although evidence is needed to support this statement. 
Finally, monthly occurrence data (presented in the previous chapter) were compared 
to the range of observed virus concentrations obtained in this study. Virus concentrations 
during the monthly sampling fell within the range of concentrations during the 48-hour 
sampling period. For noroviruses, maximum and geometric mean concentrations in this study 
were 4.5 × 103 GC/L and 1.5 × 103 GC/L which were greater than observed concentrations 
from monthly samples (maximum of 4.4 × 103 GC/L and geometric mean of 1.9 × 102 GC/L). 
For adenoviruses, maximum and geometric mean concentrations in this study were 5.4 × 103 
GC/L and 8.5 × 102 GC/L which were also greater than observed concentrations from 
monthly samples (maximum of 1.7 × 103 GC/L and geometric mean of 9.4 × 101 GC/L). 
Given these range of values, it is assumed that data from the 48-hour sampling period 
provides a more conservative measure of daily illness risks. However, monthly observations 
may or may not reflect daily peak loads that may increase risks. Hence, risks may be different 
from those presented here. 
In summary, this chapter presented the occurrence of enteric viruses in recreational 
waters and their associated health risks. Mean illness risks from secondary contact recreation 
were below the guideline value of 0.036 in more than 90% of all trials. Higher prevalence and 
illness risks were associated with noroviruses than human adenoviruses in catchment waters 
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intended for recreational use. This further supports the use of noroviruses as a reference 
pathogen for QMRA in recreational waters in Singapore. 
 
4.5 Conclusions 
This chapter presented illness risks associated with exposure to noroviruses and 
human adenoviruses in surface waters in Singapore during recreational activities. Diurnal and 
spatial variations in microbial concentrations were accounted for by taking samples from four 
locations in the catchment and increasing sampling frequency to four-hourly intervals. 
Noroviruses were found to be more prevalent in water samples, with a detection rate 
of 75%, geometric mean of 1.5 × 103 GC/L and maximum concentration of 4.5 × 103 GC/L, 
than human adenoviruses, with a detection rate of 60%, geometric mean of 8.5 × 102 GC/L 
and maximum concentration of 5.4 × 103 GC/L. Higher illness risks were also associated with 
noroviruses (with upper 95th percentile value of 0.17) than human adenoviruses (with upper 
95th percentile value of 0.074) across all exposure scenarios. Therefore, due to their 
prevalence and higher associated illness risks, noroviruses are better suited as reference 
pathogens in recreational waters in Singapore.    
Best-fit curves for observed virus concentrations were generated based interval 
censored data, and alternatively, based on substitution of detection limits to nondetects. The 
Weibull and lognormal distributions were selected for adenovirus, and in addition, the beta 
distribution was also selected for noroviruses. For norovirus, substitution led to an increase in 
risk estimates while the opposite effect was observed for human adenovirus. The effect of 
variable recovery rates was also examined and was found to have a greater impact on risk 
estimates than the treatment of nondetects. Nonetheless, mean illness risks associated with 
secondary contact recreation activities were below the threshold value of 0.036 for both cases. 
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Mean illness risks were 0.0046 (0.0040-0.0055) for human adenoviruses and 0.010 (0.0088-
0.015) for noroviruses. 
However, primary contact recreation of children resulted in mean risks that were 
above the guideline due to noroviruses and higher assumed ingestion rates for children. 
Therefore examining various scenarios in risk assessment is important, as these would yield 
different outcomes that could lead to different management strategies. Actions that may be 
taken to minimize health risks may involve limiting recreational activities to healthy adults to 
reduce exposure of more susceptible individuals and children, restricting activities after storm 
events that may contribute additional viral contamination to receiving water bodies, and 
improvement in catchment management that may help reduce overall viral occurrence. 
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5 COLIPHAGES AS ALTERNATIVE WATER QUALITY 
INDICATORS 
5.1 Introduction 
In the previous chapters, the occurrence and risks associated with enteric viruses in 
surface waters were discussed. Here in this chapter, attention is given to coliphages and their 
use as alternative water quality indicators. The occurrence of coliphages in surface waters and 
their ability to distinguish faecal sources of pollution are evaluated, which correspond to the 
second objective of this thesis.  Ultimately, statistical correlations between coliphages, enteric 
viruses and traditional bacterial indicators are examined and alternative water quality criteria 
are proposed. 
Coliphages are bacteriophages that infect E. coli and are considered alternative 
indicators of faecal contamination (USEPA, 2012a). They are able to predict the presence of 
human enteric viruses in different water matrices (Ballester et al., 2005, Havelaar et al., 1993, 
Stetler, 1984, Aw and Gin, 2010) and are able to distinguish human from animal sources of 
faecal contamination (Brion et al., 2002, Cole et al., 2003, Schaper et al., 2002b). In general, 
male-specific coliphage groups II and III (FRNA GII and GIII) are associated with human 
faecal sources while groups I and IV (FRNA GI and GIV) are associated with animal faecal 
sources (Furuse et al., 1981, Havelaar et al., 1986, Havelaar et al., 1990, Hsu et al., 1995, 
Osawa et al., 1981). For these reasons, and since waterborne viral pathogens are host-specific 
(Fong and Lipp, 2005), coliphages are used as viral indicators and in microbial source 
tracking. 
As viral indicators, coliphages were found to correlate better with the presence of 
enteric viruses than traditional bacterial indicators. Enteric viruses were better correlated with 
FRNA coliphages in both river (r = 0.625, P < 0.01) and lake water (r = 0.461, P < 0.01) than 
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thermotolerant coliforms and faecal streptococci in river water (r = 0.479 and 0.515, P < 
0.01), while no significant correlations were observed between enteric viruses and bacterial 
indicators in lake water (Havelaar et al., 1993). In seawater, the presence of adenoviruses, 
rotaviruses, and enteroviruses were positively correlated with the presence of male-specific 
and somatic coliphages (r = 0.419 to 0.692, P < 0.05) but not with indicator bacteria 
(Ballester et al., 2005). The behavior of coliphages were also found to resemble enteroviruses 
during water treatment (r = 0.54, P < 0.01), better than total coliforms, faecal coliforms, 
faecal streptococci, or standard plate count organisms (Stetler, 1984). Likewise, significant 
correlations were observed between concentrations of somatic coliphages and adenoviruses 
(P < 0.05) and between male-specific and noroviruses (P < 0.01) from sewage samples in 
Singapore (Aw and Gin, 2010). However, a study conducted in Newport Bay watershed did 
not reveal any significant correlations between the occurrence of enterovirus and adenovirus 
viral genomes detected by PCR with indicator bacteria or male-specific coliphages (Jiang et 
al., 2007). 
The extent to which enteric viruses and coliphages are correlated may be directly 
affected by the method of detection used, as PCR methods can detect both infectious and non-
infectious particles while culture methods can detect infectious units only and can alter phage 
densities (Friedman et al., 2011, Furuse, 1987, Ogorzaly et al., 2009). Moreover, some 
viruses, such as adenoviruses, are known to survive better than coliphages and their viral 
genomes are known to persist for even longer periods of time (Ogorzaly et al., 2010). 
Coliphages are also more abundant than viral pathogens and are quantifiable using small 
volumes by simple plaque assays (USEPA, 2001c). Enteric viruses, on the other hand, occur 
less frequently and require more sophisticated culture techniques. Furthermore, not all viruses 
are culturable. To date, there are no standardized infectivity assays available for noroviruses. 
Detection of enteric viruses in the environment relies on concentration of large volumes of 
water and molecular techniques such as reverse transcription qPCR (RT-qPCR) (USEPA, 
2012b). 
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Establishing relationships between coliphages and human enteric viruses is further 
complicated by the ability of plaque assays to detect both human and animal types of 
coliphages, while viral pathogens are host-specific. As such, a number of subtyping 
techniques, either phenotypic or genotypic, have been developed for microbial source 
tracking (Friedman et al., 2011, Hsu et al., 1995, Kirs and Smith, 2007, Ogorzaly and 
Gantzer, 2006, Vinjé et al., 2004, Wolf et al., 2008, Love and Sobsey, 2007, Scott et al., 
2002). Genetic typing or genotyping of FRNA coliphages has gained attention in recent years 
as rapid molecular methods for enumeration of enteric viruses have become more widely 
accepted. RT-qPCR primers and probes for genotyping of FRNA coliphages were made 
available recently (Friedman et al., 2011, Ogorzaly and Gantzer, 2006). By simultaneous 
detection of enteric viruses and direct genotyping of coliphages using RT-qPCR, one study 
was able to demonstrate positive correlations between human specific coliphages and human 
viral pathogens in environmental water samples.  Concentrations of FRNA GII were 
positively correlated with human adenoviruses (HAdV) from a river in France (r = 0.493) 
(Ogorzaly et al., 2009) while no correlation (P > 0.05) was observed between the occurrence 
of human FRNA genogroups and genomes of HAdV from a river in Japan (Haramoto et al., 
2009). Baseline measurements for other enteric viruses have not been conducted. 
To address these gaps, this study aimed to evaluate the use of coliphages as indicators 
of water quality, in particular, as indicators of the presence of waterborne enteric viruses and 
human sources of faecal pollution, and develop alternative water quality criteria for 
recreational waters. 
 
  146 
5.2 Methods 
5.2.1 Collection and processing of water samples 
Water samples collected monthly from an urbanized catchment in the central region 
of Singapore between December 2011 and March 2014 (refer to Chaper 3.2.1), which were 
tested for the presence of enteric viruses, were also tested for the presence microbial 
indicators. These were processed and analyzed for the presence of E. coli, enterococci and 
somatic coliphages. Samples were also analyzed for male-specific coliphages and FRNA 
coliphages beginning July 2012. Similarly, diel samples (refer to Chaper 4.2.1) were 
processed and analyzed for both bacterial and viral indicators. 
 
5.2.2 Collection of wet-weather and dry-weather samples (other catchments) 
Wet-weather and dry-weather samples were collected from semi-urban-rural 
catchments in the northwestern region of Singapore. A total of 36 samples were collected 
between May 15 and June 29, 2012. Wet-weather samples were collected during three storm 
events on June 21, 25, and 29, 2012. Storm samples were collected at 10-minute intervals 
using an automated sampler. Dry-weather samples were collected at the same location on 
May 15, 22, 23, 29 and June 1 and 4.  Samples were stored in 1-liter plastic bottles and 
transported on ice to the laboratory for immediate processing. 
 
5.2.3 Collection and processing of animal stool and sewage samples 
A total of 12 animal faecal samples and 8 sewage samples were collected to test the 
specificity of the four FRNA genogroups to animal and human sources. Animal faecal 
samples were collected from five dogs, two cats, two mice, hamster, guinea pig, and rabbit 
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between March and April 2013. Fresh faecal material (approximately 0.1 grams) was 
resuspended in 2 ml PBS using a sterile inoculating loop, thoroughly mixed and then used for 
nucleic acid extraction. Sewage samples were collected from the influent of a wastewater 
treatment plant between January and August 2013. Viruses were recovered by polyethylene 
glycol (PEG) precipitation as previously described (Aw and Gin, 2010). One liter of sewage 
(pH adjusted to 7.2) was mixed with 8% of PEG 8000 and 0.3 M NaCl and incubated at 4°C 
for about 18 h. The pellet was collected by centrifugation at 6700 g for 30 min and dissolved 
in 10 ml PBS. The sample was further extracted with an equal volume of chloroform, and the 
supernatant was collected by centrifugation at 1700 g for 30 min. The supernatant was filtered 
through  a  0.22  μm  filter,  and  virus  particles  were  further  concentrated  to  a  final  volume  of  0.5  
ml using an ultra centrifugal filter device. 
 
5.2.4 Detection of bacterial indicators 
Traditional bacterial indicators, E. coli and enterococci, were enumerated using 
Colilert, Enterolert, and Quanti-Tray/2000 testing trays (IDEXX Laboratories, Inc., 
Westbrook, Maine, USA). Sample volumes of 100 ml were used to determine the most 
probable number (MPN/100ml). 
 
5.2.5 Detection of coliphages 
Single agar layer (SAL) plaque assay was performed following Method (USEPA, 
2001c) for the enumeration of male-specific and somatic coliphages. A 100 ml raw water 
sample was assayed by adding 0.5 ml of 4M MgCl2, 10 ml log-phase host bacteria (E. coli 
Famp for male-specific and E. coli CN13 for somatic coliphages), 100 ml double strength 
molten tryptic soy agar, and 10 ml of appropriate antibiotics (1.5mg/100ml 
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streptomycin/ampicillin for male-specific and 10mg/ml nalidixic acid for somatic coliphages). 
The quantity of coliphages was expressed in plaque forming units per 100 ml (PFU/100ml) 
after overnight incubation at 37°C. Alternatively, double agar layer (DAL) was performed 
following standard protocols. Samples were added into 0.7% tryptic soy agar, supplemented 
with E. coli host and poured onto bottom agar layer plates which were prepared in advance 
using 1.5% tryptic soy agar (TSA).  
 
5.2.6 Detection of FRNA coliphages 
The  specified   region  of   the  genome  of  each   target  FRNA  coliphage  (MS2,  GA,  Qβ  
and SP), provided by Prof. Mark D. Sobsey (University of North Carolina at Chapel Hill, 
Chapel Hill, NC, USA), was amplified using the corresponding forward and reverse primers 
listed in Table 5.1. QPCR standard curves were generated as previously described (refer to 
Chapter 3.2.3). Threshold Ct values and amplification efficiencies (enclosed in parenthesis) 
pertaining to 10 gene copies for FRNA GI to GIV, were 38.15 (97.90) for FRNA GI, 39.75 
(88.47) for FRNA GII, 37.44 (97.00) for FRNA GIII, and 39.16 (94.53) for FRNA GIV. 
Equivalent detection limit was 107 GC/L for FRNA GI to GIV. 
Viral nucleic acids were extracted from concentrated samples followed by reverse 
transcription as described previously (refer to Chapter 3.2.3). QPCR was carried out in 20-μL  
reaction mixtures containing 4  μL  cDNA,  10  µL  qPCR  master  mix,  500  nM  each  of  forward  
and reverse primers, 250 nM hydrolysis probe and nuclease free water. Thermal cycling 
conditions were 95°C for 15 min followed by 45 cycles at 94°C for 10s, 56°C for 30s and 
70°C for 30s (Friedman et al., 2011). 
 
  149 
Table 5.1 Summary of primers and probes used in RT-qPCR 
Virus  Sequence (5'-3') Position Length 
(bp) 
Reference 
FRNA GI Forward ATCCATTTTGGTAACGCCG Replicase gene 68 (Friedman et 
al., 2011) Reverse TGCAATCTCACTGGGACATAT 
Probe Cy3-TAGGCATCTACGGGGACGA-Iowa Black RQ-Sp 
FRNA GII Forward TTACTGTCGTTCCTGTTAGCAATG Capsid gene 104 (Friedman et 
al., 2011) Reverse CRCCTGACGCACGATAACT 
Probe Cy3-ACGGCGTCGCTGAGTGGCTTTC-Iowa Black RQ-Sp 
FRNA GIII Forward TAAATCCCACYAACGGYGTTGC Capsid gene 108 (Friedman et 
al., 2011) Reverse TTICGATTRCGIGAAGGCTG 
Probe Q Cy3-TGGAGAAGCGTGTTACCGTTT-Iowa Black RQ-Sp 
Probe M Cy3-TGGAGAAGCGTGTYACAATTTCTGTRTC-Iowa Black RQ-Sp 
FRNA GIV Forward CGGYCAYCCGTCGTGGAAG Replicase gene 141 (Friedman et 
al., 2011) Reverse AGTGACTGCTTTATTYGAAGTGCG 
Probe Cy3-CCTGTCCGCAGGATGTWACCAAAC-Iowa Black RQ-Sp 
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5.3 Results 
5.3.1 Monthly sampling 
5.3.1.1 Occurrence of indicators  
In general, almost all of the monthly samples from the catchment were positive for 
both bacterial and viral indicators, except for FRNA coliphages (Figures 5.1 to 5.8). E. coli 
were detected in 119 out of 120 (99%) samples followed by enterococci (98%), somatic 
(98%) and male-specific coliphages (94%). Among the FRNA genogroups, FRNA GI was 
found to be the most prevalent, detected in 73 out of 100 samples (73%), followed by FRNA 
GII (50%), GIV (7%) and GIII (6%). Out of the 50 samples positive for FRNA GII, 43 were 
also positive for at least one type of enteric virus. This suggests an 86% probability of 
detecting a human viral pathogen when a human-specific coliphage is present. Moreover, 26 
out of the 50 (52%) samples positive for FRNA GII were also positive for at least two types 
of enteric virus. Geometric mean and median concentrations of E. coli were the highest (5.8 × 
102 MPN/100ml and 6.0 × 102 MPN/100ml) followed by enterococci (8.5 × 101 MPN/100ml 
and 4.4 × 101 MPN/100ml), somatic (5.5 × 101 PFU/100ml and 6.2 × 101 PFU/100ml) and 
male-specific coliphage (1.9 × 101 PFU/100ml and 1.7 × 101 PFU/100ml). Among positive 
samples, geometric mean and median concentrations of FRNA GII were the highest (3.6 × 
103 GC/L and 2.6 × 103 GC/L), followed by FRNA GI (1.1 × 103 GC/L and 3.0 × 102 GC/L), 
GIV (1.0 × 103 GC/L and 1.1 × 103 GC/L) and GIII (2.6 × 102 GC/L and 2.9 × 102 GC/L). 





Figure 5.1 Concentration of E. coli (MPN/100ml) in stations A to E 
 




Figure 5.2 Concentration of enterococci (MPN/100ml) in stations A to E. Dashed lines 
represent recreational water quality criteria in Singapore (200 MPN/100ml).  
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Figure 5.3 Concentration of somatic coliphages (PFU/100ml) in stations A to E 
 




Figure 5.4 Concentration of male-specific coliphages (PFU/100ml) in stations A to E 
 




Figure 5.5 Concentration of FRNA GI (GC/L) in stations A to E 
 




Figure 5.6 Concentration of FRNA GII (GC/L) in stations A to E 




Figure 5.7 Concentration of FRNA GIII (GC/L) in stations A to E 
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5.3.1.2 Spatial variation of indicators 
Higher E. coli (4.4 × 103 MPN/100ml), enterococci (7.5 × 102 MPN/100ml), somatic 
(1.4 × 102 PFU/100ml) and male-specific coliphage (8.7 × 101 PFU/100ml) concentrations 
were generally observed in water samples from station B, while lower concentrations were 
observed in station A (30 MPN/100ml EC, 7 MPN/100ml Ent, 8 PFU/100ml F+ and 6 
PFU/100ml Som) as shown in Figures 5.9 and 5.10 below (geometric means given in 
parenthesis). Statistical analysis further revealed significant differences in concentrations of 
indicators at different sampling locations (Kruskal-Wallis, P < 0.05). E. coli and enterococci 
concentrations were found to be significantly lower in water samples from station A and 
higher in station B (Dunn, P < 0.005). Similar to E. coli, somatic coliphage concentrations 
were found to be significantly lower in water samples from station A (Dunn, P < 0.005). 
Lastly, male-specific and FRNA GII coliphage concentrations (geometric mean of 8.7 × 103 
GC/L) were found to be significantly higher in station B in comparison to the other four 
locations (Dunn, P < 0.005). FRNA GI concentrations were similar across the catchment 
(Dunn, P > 0.005).   
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Figure 5.9 Boxplot of bacterial and viral indicator concentrations in different sampling 
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Figure 5.10 Boxplot of FRNA coliphage concentrations in different sampling locations. Mean 
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5.3.1.3 Seasonal variation of indicators 
Indicator concentrations during the monsoon and intermonsoon periods were 
compared using one-way analysis of variance by ranks. Average monthly rainfall during these 
periods is given in Chapter 3.3.3. Bacterial and viral indicators remained stable throughout 
the year and concentrations did not vary between seasons (Kruskal-Wallis, P > 0.05).  
To further examine the extent to which rainfall influenced the occurrence of microbial 
indicators in the catchment, concentrations were analyzed together with daily rainfall that 
occurred during the sampling day, previous day or both days (Figure 3.9). Statistical analysis 
using Spearman’s rank correlation revealed good correlation among indicators themselves (r 
= 0.27 to 0.81, P < 0.05) but poor to moderate correlation between indicators and daily 
rainfall (r = 0.20 to 0.32, P < 0.05) (Table 5.2). In particular, E. coli concentrations correlated 
with daily rainfall during (r = 0.20, P < 0.05) and the previous sampling day (r = 0.34, P < 
0.05), while enterococci correlated with rainfall before the sampling day (r = 0.21, P < 0.05) 
and total rainfall on both days (r = 0.22, P < 0.05). Coliphage concentrations did not correlate 
with daily rainfall, except for FRNA GI (r = 0.21, P < 0.05). 
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Table 5.2 Spearman’s rho between indicators, male-specific (F+) and somatic (Som) 
coliphages, E. coli (EC), enterococci (Ent), FRNA coliphage genogroups I and II (FRNA GI 
and GII) and rainfall (n=100 to 120). Only significant correlations are shown (P < 0.05). 















1    0.29 0.27 0.21  0.222 
FRNA 
GII 
 1 0.54 0.49 0.44 0.42    
F+  0.54 1 0.81 0.58 0.53    
Som  0.49 0.81 1 0.67 0.57    
EC 0.29 0.44 0.58 0.67 1 0.81 0.20 0.34 0.32 
Ent 0.27 0.42 0.53 0.57 0.81 1  0.22 0.22 
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5.3.2 Occurrence of coliphages in wet-weather samples 
All of the samples were positive for both male-specific and somatic coliphages. The 
observed concentrations during the first ten minutes of rain were too numerous to count 
(TNTC) and were excluded in the analysis of data. In general, concentrations in the catchment 
decreased by two orders of magnitude within the first hour of rain (Figures 5.11 to 5.13). 
Although mean wet-weather concentrations (5.9 × 102 PFU/100ml) were higher than mean 
dry-weather concentrations (2.4 × 102 PFU/100ml), differences in concentrations were not 
statistically significant (T-test, P > 0.05). The decline in concentration of both coliphages 
throughout the duration of the storm followed a similar trend and had a significant positive 
correlation (r = 0.86, P < 0.0001). 
 
 
Figure 5.11 Concentration (PFU/100ml) of male-specific (¡) and somatic (¨) coliphages 
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Figure 5.12 Concentration (PFU/100ml) of male-specific (¡) and somatic (¨) coliphages 
during wet weather at site S1 (25 June 2012) 
 
 
Figure 5.13 Concentration (PFU/100ml) of male-specific (¡) and somatic (¨) coliphages 
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Figure 5.14 Concentration (PFU/100ml) of male-specific () and somatic () coliphages 
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5.3.3 Diel sampling 
5.3.3.1 Occurrence of indicators  
In general, all of the samples were positive for both bacterial and viral indicators 
(Figures 5.15 to 5.20). E. coli, enterococci, somatic, male-specific and FRNA GII coliphages 
were detected in 48 out of 48 (100%) samples, while FRNA GI coliphages were detected in 
28 out of 48 (58%) samples. Out of the 48 samples positive for FRNA GII, 41 were also 
positive for either noroviruses or human adenoviruses. This suggests an 85% probability of 
detecting a human viral pathogen when a human-specific coliphage is present. Moreover, 24 
out of the 48 (50%) samples positive for FRNA GII were also positive for both noroviruses 
and human adenoviruses. Geometric mean and median concentrations of E. coli were the 
highest (8.5 × 102 MPN/100ml and 8.8 × 102 MPN/100ml) followed by enterococci (1.3 × 102 
MPN/100ml and 1.0 × 102 MPN/100ml), somatic (1.1 × 102 PFU/100ml and 1.1 × 102 
PFU/100ml) and male-specific coliphage (2.4 × 101 PFU/100ml and 3.1 × 101 PFU/100ml). 
Between FRNA coliphages, FRNA GII had higher geometric mean and median 
concentrations (2.3 × 104 GC/L and 2.3 × 104 GC/L) than FRNA GI (9.6 × 103 GC/L and 6.5 
× 103 GC/L). Samples from stations E and C contained significantly higher concentrations of 
E. coli and FRNA GII (Kruskal-Wallis, P < 0.001), similar to noroviruses, while samples 
from station C contained significantly higher concentrations of enterococci and FRNA GI 
(Kruskal-Wallis, P < 0.005), similar to human adenoviruses. However, there were no 
significant differences in concentrations of male-specific and somatic coliphages at the four 
sampling locations as shown in Figures 5.21 and 5.22 below. 






Figure 5.15 Concentration of E. coli (MPN/100ml) in stations C to F 





Figure 5.16 Concentration of enterococci (MPN/100ml) in stations C to F  
 





Figure 5.17 Concentration of somatic coliphages (PFU/100ml) in stations C to F 
 
 






Figure 5.18 Concentration of male-specific coliphages (PFU/100ml) in stations C to F 
 






Figure 5.19 Concentration of FRNA GI (GC/L) in stations C to F 
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Figure 5.21 Boxplot of bacterial and viral indicator concentrations in different sampling 
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Figure 5.22 Boxplot of FRNA coliphage concentrations in different sampling locations. Mean 
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5.3.3.2 Diurnal variation of indicators 
Microbial concentrations in the catchment varied throughout the day from 100 to 104 
MPN/100ml for bacterial indicators and from 100 to 102 PFU/100ml and 105 GC/L for viral 
indicators. The maximum E. coli concentration (2.0 × 104 MPN/100ml) was recorded at 
station C on January 9 at 7:00 AM as well as the maximum enterococci concentration (2.4 × 
103 MPN/100ml). For male-specific coliphages, the maximum concentration (1.6 × 102 
PFU/100ml) was recorded at station E on January 8 at 3:00 AM, similar to noroviruses; while 
the maximum somatic coliphage concentration (6.4 × 102 PFU/100ml) was recorded at station 
D also on January 8 at 3:00 AM. The highest FRNA GI and GII concentrations (2.2 × 105 and 
9.9 × 104 GC/L) were recorded at station C on January 8 at 3:00 PM and January 7 at 11:00 
AM respectively.  Overall, average microbial concentrations from four stations seemed to dip 
between 3:00 PM and 3:00 AM for all indicators, as shown in Figures 5.23 to 5.25 below. 
Peak concentrations occurred at various times throughout the day, at 11:00 AM for E. coli, 
7:00 AM for enterococci, 3:00 PM and 3:00 AM for somatic coliphages (similar to 
noroviruses), 3:00 AM for male-specific coliphages, 3:00 PM for FRNA GI and 11:00 AM 

















































Figure 5.24 Change in concentrations of male-specific (A) and somatic (B) coliphages at 4-hr 
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5.3.4 Occurrence of FRNA coliphages in sewage and animal faecal samples 
Animal faecal samples contained FRNA GI and GIV exclusively. Only one sample 
(collected from mice) was negative for any of the FRNA groups. Ten out of twelve samples 
were positive for FRNA GI and one was positive for FRNA GIV. Human-specific coliphages 
(groups II and III) were not found in animal faeces. 
Sewage samples contained all four groups of FRNA. This is not uncommon and has 
been previously reported (Haramoto et al., 2012, Hata et al., 2012, Havelaar et al., 1990, Long 
et al., 2005, Schaper et al., 2002b, Wolf et al., 2008). Nonetheless, sewage contained more 
human-specific coliphages (FRNA GII and GIII) than animal-specific coliphages (FRNA GI 
and GIV) (Figure 5.26). As expected, the detection rate of FRNA GII in sewage (100%) is 
higher than in catchment waters (50%), which may indicate sporadic sources of non-human 




Figure 5.26 Concentration of human-specific coliphages FRNA GII and GIII  (¡) and 
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5.4 Correlation between coliphages, bacterial indicators and enteric 
viruses 
5.4.1 Somatic to male-specific coliphage ratios and the prevalence of enteric 
viruses 
The ratio of somatic to male-specific coliphages (Som/F+) was calculated for each 
sample. Samples that had coliphage concentrations below 1 PFU/100ml were assigned a value 
of 0.5 equivalent to one-half the detection limit since detection rates were higher than 90%. 
Ratios at various sampling locations ranged from 0.119 to 69.5. The lowest mean and 
median ratios were observed in station B (2.4 and 1.8) followed by station A (3.6 and 1.0), 
station D (4.5 and 3.2), station C (8.8 and 5.6) and station E (11.9 and 3.1).  In station B 
where lower coliphage ratios were observed, a higher prevalence of noroviruses (68%), 
human adenoviruses (36%), astroviruses (36%) and rotaviruses (32%) also occurred. 
Similarly, in station A where lower coliphage ratios were also observed, a higher prevalence 
of noroviruses (52%) and human adenoviruses (28%) occurred. Moreover, higher norovirus 
and rotavirus concentrations were generally observed in water samples from station B, while 
higher human adenovirus and astrovirus concentrations were observed in water samples from 
station A (refer to Figure 3.7). In stations C, D and E where higher coliphage ratios were 
observed, detection rates were much lower for noroviruses (28% to 52%), human 
adenoviruses (16% to 24%), astroviruses (8% to 28%) and rotaviruses (20% to 28%). 
Somatic to male-specific coliphage ratios were grouped according to sampling site 
and significant differences were observed between locations (Kruskal-Wallis, P < 0.05), in 
particular, between stations B and C (Dunn, P < 0.005) and between stations A and C (Dunn, 
P < 0.005). Again, there were no significant differences in ratios between stations A and B, 
and between stations C, D and E which support earlier statements (refer to Chapter 3.3.2).  
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Figure 5.27 Ratios of somatic to male-specific coliphages at different sampling locations. 
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5.4.2 Statistical correlation between indicators and enteric viruses 
The strength of association between the presence of pathogens and indicators in the 
environment were evaluated based on statistical correlation at a level of significance of 0.05 
(P < 0.05). Data from the monthly and diel samplings (n = 120 to 168) were analyzed using 
Spearman’s   rank   correlation and   Kendall’s   tau-b, which are nonparametric tests of 
dependence between two variables. In the initial analysis, nondetects were substituted one-
half   detection   limit   prior   to   Spearman’s   correlation. Alternatively, to avoid substitution of 
nondetects, censoring methods were also used in the analysis. Using NADA, default 
censoring indicators were applied for detected observations (0) and below detection limit (1) 
prior  to  analysis  using  Kendall’s  tau-b (Helsel, 2012). 
In general, concentrations of somatic coliphages correlated with most of the 
indicators and enteric viruses tested (r = 0.16 to 0.62, P < 0.05), except for rotaviruses, while 
male-specific coliphages correlated with most (r = 0.22 to 0.73, P < 0.05), except for human 
adenoviruses and FRNA GI (Table 5.3.A). Both E. coli and enterococci correlated with viral 
indicators and pathogens (r = 0.20 to 0.62, P < 0.05), except for rotaviruses. Significant 
correlations were also observed between indicators (r = 0.19 to 0.74, P < 0.05) and between 
pathogens (r = 0.20 to 0.40, P < 0.05) themselves. 
Among pathogens, human adenoviruses were positively correlated with 
concentrations of somatic coliphages (r = 0.16, P < 0.05), E. coli (r = 0.21, P < 0.05) and 
enterococci (r = 0.21, P < 0.05). Astroviruses were positively correlated with concentrations 
of male-specific coliphages (r = 0.23, P < 0.05), somatic coliphages (r = 0.20, P < 0.05) and 
E. coli (r = 0.22, P < 0.05). Slightly stronger correlations were observed between noroviruses 
and concentrations of male-specific coliphages (r = 0.23, P < 0.05), somatic coliphages (r = 
0.33, P < 0.05), E. coli (r = 0.24, P < 0.05) and enterococci (r = 0.26, P < 0.05). Finally, 
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rotaviruses were positively correlated with concentrations of male-specific (r = 0.26, P < 
0.05) but not with indicator bacteria. 
Human-specific coliphages (FRNA GII) were also included in this study and stronger 
associations with enteric viruses were observed. Among pathogens, FRNA GII was positively 
correlated with concentrations of noroviruses (r = 0.50, P < 0.05), astroviruses (r = 0.44, P < 
0.05) and human adenoviruses (r = 0.43, P < 0.05), while among indicators, FRNA GII 
correlated with somatic coliphages (r = 0.45, P < 0.05), male-specific coliphages (r = 0.40, P 
< 0.05), E. coli (r = 0.36, P < 0.05) and enterococci (r = 0.37, P < 0.05). In contrast, animal 
specific coliphages (FRNA GI) were only weakly correlated with noroviruses (r = 0.19, P < 
0.05), somatic coliphages (r = 0.19, P < 0.05), but slightly better correlated with bacterial 
indicators, E. coli (r = 0.22, P < 0.05) and enterococci (r = 0.30, P < 0.05). 
Correlation   coefficients   calculated   using   Kendall’s   tau-b resulted in weaker 
correlations overall (Table 5.3.B). Among pathogens, human adenoviruses were positively 
correlated with concentrations of enterococci (τ = 0.15, P < 0.05), and noroviruses were 
correlated with male-specific coliphages (τ = 0.15, P < 0.05), somatic coliphages (τ = 0.21, P 
< 0.05), E. coli (τ = 0.14, P < 0.05) and enterococci (τ = 0.17, P < 0.05), while astroviruses 
and rotaviruses were not correlated with bacterial and viral indicators measured by culture 
methods. Similar   to   the   results  of  Spearman’s  analysis,  Kendall’s   tau-b resulted in stronger 
correlations between human-specific indicators and enteric viruses. FRNA GII was positively 
correlated with concentrations of noroviruses (τ = 0.44, P < 0.05), astroviruses (τ = 0.43, P < 
0.05) and human adenoviruses (τ = 0.44, P < 0.05), while among indicators, FRNA GII 
correlated with somatic coliphages (τ = 0.30, P < 0.05), male-specific coliphages (τ = 0.28, P 
< 0.05), E. coli (τ = 0.25, P < 0.05) and enterococci (τ = 0.26, P < 0.05). In contrast, animal 
specific coliphages (FRNA GI) were not correlated with any of the enteric viruses tested.  
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Table 5.3 Correlation coefficients between enteric viruses and indicators. Only significant correlations are shown (P < 0.05). N=168 somatic (Som) 
coliphages, E. coli (EC) and enterococci (Ent), N=148 for male-specific coliphages (F+), FRNA genogroups I and II (FRNA GI and GII), human 
adenoviruses (HAdV) and noroviruses (NoV), N=120 for astroviruses (AstV), rotaviruses (RoV). 
A.  Spearman’s  rho 
Variables AstV HAdV NoV RoV FRNA GI FRNA GII F+ Som EC 
HAdV 0.36         
NoV 0.20 0.40        
RoV 0.22 0.27 0.28       
FRNA GI   0.19       
FRNA GII 0.44 0.43 0.50       
F+ 0.23  0.23 0.26  0.40    
Som 0.20 0.16 0.33  0.19 0.45 0.73   
EC 0.22 0.21 0.24  0.22 0.36 0.48 0.62  
Ent   0.21 0.26   0.30 0.37 0.43 0.54 0.74 
 
 
B.  Kendall’s  tau-b 
Variables AstV HAdV NoV RoV FRNA GI FRNA GII F+ Som EC 
HAdV 0.33         
NoV 0.20 0.39        
RoV  0.24 0.23       
FRNA GI          
FRNA GII 0.43 0.44 0.44  0.21     
F+   0.15   0.28    
Som   0.21   0.30 0.55   
EC   0.14  0.15 0.25 0.34 0.46  
Ent  0.15 0.17  0.23 0.26 0.30 0.39 0.56 
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5.4.3 Alternative water quality criteria based on linear regression models  
Coliphage equivalence to USEPA recreational water quality criteria and Singapore’s  
recreational water quality guidelines were derived using log10 concentrations of faecal 
indicators. Nondetects/zeroes were substituted with corresponding detection limit prior to 
transformation. Pearson’s  r, which is a measure of linear correlation between two variables, 
was calculated for each matched pair and linear regression equations were generated using the 
monthly and diel sampling datasets (n = 148 to 168). 
Significant correlations were observed between log10 concentrations of faecal 
indicators (Table 5.4). Total coliphages and E. coli had the strongest correlation (r = 0.68, P < 
0.05) followed by E. coli and somatic coliphages (r = 0.66, P < 0.05), enterococci and total 
coliphages (r = 0.55, P < 0.05), enterococci and somatic coliphages (r = 0.53, P < 0.05), E. 
coli and male-specific coliphages (r = 0.50, P < 0.05) and enterococci and male-specific 
coliphages (r = 0.41, P < 0.05). Significant correlations were also observed between 
coliphages (r = 0.74 to 0.98, P < 0.05) and between bacterial indicators (r = 0.73, P < 0.05) 
themselves. Meanwhile, FRNA GII had the weakest correlation with traditional indicators (r 
= 0.25 to 0.36, P < 0.05). 
Linear regressions and model parameters (95% CI) are given in Tables 5.5 to 5.13 
and Figures 5.28 to 5.36 below and are summarized in Table 5.14. Based on Equations 5.1 to 
5.6, coliphage equivalence to 126 CFU/100ml E. coli and 35 CFU/100ml enterococci 
(USEPA criteria) and 200 CFU/100ml enterococci (Singapore criteria) were determined, as 
well as the 95% confidence intervals. Using the E. coli criterion of 126 CFU/100ml, 
corresponding levels of coliphages were 31 and 11 PFU/100ml somatic and male-specific 
respectively, and 159 GC/100ml FRNA GII. Corresponding coliphage levels pertaining to 35 
CFU/100ml enterococci were 43 and 14 somatic and male-specific respectively, and 168 
GC/100ml   FRNA   GII.   Meanwhile,   using   Singapore’s   enterococci   criterion   of   200  
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CFU/100ml, corresponding levels of coliphages were 86 and 23 PFU/100ml somatic and 
male-specific respectively, and 310 GC/100ml FRNA GII. The percentage of samples that 
exceeded these standards were between 32% and 48%. In particular, 32% exceeded 200 
CFU/100 ml enterococci, 44% exceeded 86 PFU/100ml somatic and 43% exceeded 23 
PFU/100ml male-specific. A larger proportion of samples from station B exceeded 200 
CFU/100ml compared to other locations (75% compared to <40%) while all of the samples 
from station A were below the threshold. Meanwhile, when the monthly and diel datasets 
were pooled together, 98 out of 148 samples (66%) were found to be positive for FRNA GII. 
Out of the 98 samples, 71 exceeded 310 GC/100ml. This is equivalent to 48% of the total 
number of samples tested for FRNA GII (71 out of 148). Out of the 71 samples that exceeded 
the threshold, 59 samples (83%) tested positive for at least one of the enteric viruses. 
Although there were 53 samples below the threshold that also tested positive for at least one 
of the enteric viruses, the proportion was significantly lower than those above the threshold 
(Chi-square, P < 0.05). In addition, the infectivity of these viruses cannot be ascertained. 
 
 
Table 5.4 Pearson’s  r  using  log10 concentrations between indicators, male-specific (F+), 
somatic (Som), total coliphages (Col), FRNA genogroups II (FRNA GII), E. coli (EC) and 
enterococci (Ent). Only significant correlations are shown (P < 0.05). 
 
Variables F+ Som Col EC Ent 
Som 0.74     
Col 0.84 0.98    
EC 0.50 0.66 0.68   
Ent 0.41 0.53 0.55 0.73  
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Table 5.5 Model parameters for E. coli (EC) and total coliphages (Col) 
 
Source Value Standard 
error 




Intercept 0.752 0.115 6.552 < 0.0001 0.525 0.979 





























Modeled log Col 
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Table 5.6 Model parameters for enterococci (Ent) and total coliphages (Col) 
 
Source Value Standard 
error 




Intercept 1.187 0.107 11.087 < 0.0001 0.975 1.399 



























Modeled log Col 
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Table 5.7 Model parameters for E. coli (EC) and somatic coliphages (Som) 
 
Source Value Standard 
error 




Intercept 0.531 0.119 4.468 < 0.0001 0.296 0.765 
































Modeled log Som 
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Table 5.8 Model parameters for enterococci and somatic coliphages 
 
Source Value Standard 
error 




Intercept 1.032 0.105 9.792 < 0.0001 0.824 1.240 






























Modeled log Som 
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Table 5.9 Model parameters for E. coli (EC) and male-specific coliphages (F+) 
 
Source Value Standard 
error 




Intercept 0.365 0.138 2.654 0.009 0.093 0.637 




























Modeled log F+ 
  193 
 
Table 5.10 Model parameters for enterococci (Ent) and male-specific coliphages (F+) 
 
Source Value Standard 
error 




Intercept 0.686 0.119 5.773 < 0.0001 0.451 0.920 





























Modeled log F+ 
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Table 5.11 Model parameters for E. coli (EC) and FRNA GII coliphages (FRNA GII) 
 
Source Value Standard 
error 




Intercept 1.668 0.245 6.819 < 0.0001 1.185 2.152 
































Modeled log FRNA GII 
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Table 5.12 Model parameters for enterococci (Ent) and FRNA GII coliphages (FRNA GII) 
 
Source Value Standard 
error 




Intercept 1.678 0.197 8.532 < 0.0001 1.289 2.066 


































Modeled log FRNA GII 
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Table 5.13 Somatic and male-specific coliphages model parameters 
 
Source Value Standard 
error 




Intercept 0.019 0.102 0.187 0.852 -0.183 0.221 




























Modeled log F+ 
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* Love et al. (2010) predicted levels of 38.9 (21.9–70.8) for somatic coliphages (95% CI) 
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5.5 Discussions 
The analysis of coliphages in surface and catchment waters showed that mean 
concentrations of somatic coliphages (1.8 × 102 PFU/100ml) were generally higher than male-
specific coliphages (7.4 × 101 PFU/100ml). This can be partly explained by their occurrence 
in wastewater. Mean concentrations of somatic and male-specific coliphages in sewage were 
approximately 105 PFU/100ml and 104 PFU/100ml respectively (Aw and Gin, 2010). With 
secondary treatment, concentrations of somatic and male-specific coliphages decreased to 
approximately 102 PFU/100ml with somatic coliphages occurring in greater numbers (Aw and 
Gin, 2010). Elsewhere, average coliphage concentrations have been reported in the magnitude 
of 105 PFU/100ml in raw sewage and 103 PFU/100ml somatic and 102 PFU/100ml male-
specific in rivers in the Netherlands (Lodder and de Roda Husman, 2005), 102 PFU/100ml in 
rivers in Southern California (Jiang and Chu, 2004), and 105 to 107 PFU/100ml somatic and 
104 to 105 PFU/100ml male-specific in municipal sewage in Argentina, Colombia, France and 
Spain (Lucena et al., 2004). 
The presence of the four groups of FRNA coliphages in catchment water samples 
indicated both human and animal sources of pollution. The majority of our samples contained 
FRNA GI (73%) followed by FRNA GII (50%) and rarely contained FRNA GIII (6%) and 
GIV (7%). Cole et al. (2003) found that in surface waters, FRNA distribution in animal and 
human impacted sites differed significantly from background sites. The percentage of FRNA 
GII in human-impacted sites (12%) was higher than background sites (2%), but background 
sites had a higher percentage of FRNA GI (97%) than bovine-impacted (82%) or human-
impacted sites (75%). In estuarine waters and shellfish, a larger fraction (58% to 100%) of 
FRNA GII and GIII isolates were detected from human-impacted sites compared to pristine 
sites (Love et al., 2008). A higher percentage of FRNA GII (55% and 90%) and GIII (24% 
and 60%) were also detected in shellfish and river water downstream of a sewage outfall 
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compared to FRNA GI (27% and 50%) and GIV (2% and 0) indicating that contamination 
was predominantly from human sources (Wolf et al., 2008). Likewise, Stewart-Pullaro et al. 
(2006) isolated FRNA GII and GIII coliphages in surface waters downstream of domestic 
wastewater discharges. Griffin et al. (2000) detected FRNA GI and GIV exclusively in 
surrounding rivers of a wildlife park and attributed the increase in level of faecal indicator 
bacteria to animal sources. While other studies have used FRNA coliphages to evaluate the 
impact of a known source of contamination to a receiving water body, the presence of faecal 
indicators and pathogens in the catchment are attributed to non-point sources of 
contamination since the catchment area is completely sewered and treated wastewater is 
discharged at sea. Compared to the other genogroups, the higher relative abundance of FRNA 
GI in the catchment as opposed to its lower relative abundance in sewage may be due to its 
more persistent nature in natural waters (Long and Sobsey, 2004, Schaper et al., 2002a). 
To examine the sources and specificity of faecal indicators, animal faeces and sewage 
samples were collected. Both FRNA GI and GIV were detected in the faeces of dogs, cats, 
hamster, mouse, rabbit, and guinea pig while FRNA GII and GIII were only detected in 
domestic sewage. However, sewage samples also contained FRNA GI and GIV but at lower 
concentrations compared to FRNA GII and GIII. Likewise, many other studies found FRNA 
GII and GIII to be more abundant in raw sewage than FRNA GI and GIV (Haramoto et al., 
2012, Long et al., 2005, Schaper et al., 2002b, Lee and Kim, 2008b, Brion et al., 2002, 
Havelaar et al., 1986, Furuse et al., 1981). Nevertheless, since human stool was not collected, 
humans cannot be excluded as a source of FRNA GI and GIV in this study. Havelaar et al. 
(1990) reported the presence of FRNA GIV and the absence of FRNA GII and GIII in human 
faeces, although this phenomenon is not documented elsewhere. FRNA GII and GIII were 
more frequently isolated in humans (Osawa et al., 1981, Schaper et al., 2002b). While none of 
our animal faecal samples contained FRNA GII and GIII, other studies have reported their 
presence in cow wastes and swine wastewater (Cole et al., 2003, Long et al., 2005), cattle 
slurry (Schaper et al., 2002b), pigs (Osawa et al., 1981, Schaper et al., 2002b, Havelaar et al., 
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1990, Furuse et al., 1978, Hsu et al., 1995), dog (Friedman et al., 2011), goose (Lee et al., 
2009) and poultry (Schaper et al., 2002b, Havelaar et al., 1990). Although associations with 
different sources are not always definitive, there is more compelling evidence to associate the 
presence of FRNA GII and GIII in the environment with human waste, and FRNA GI and 
GIV with animal waste. The results of our statistical analysis further support this statement. 
Seasonal variation in concentrations of bacterial and viral indicators was not observed 
in this study. This is in accordance with the study of Aw (2010) who found no significant 
differences in E. coli and enterococci levels during dry weather months (June to August and 
October) and wet weather months (November to December) in Singapore (T-test, P > 0.05), 
and Shibata et al. (2004) who found that in tropical waters, except for total coliform, 
concentrations of other microbes (enterococci, E. coli, faecal coliform and C. perfringens) did 
not change significantly between seasons in spite of the fact that rainfall, temperature, pH, 
and salinity changed significantly between the wet and dry months (Shibata et al., 2004). 
However, in the United States, Cole et al. (2003) observed significant seasonal variability in 
proportions of FDNA and FRNA coliphages from a variety of water samples, particularly 
during the warmer season (summer months) when greater proportions of coliphages were 
isolated. 
While no significant differences in average concentrations were found during 
monsoon and intermonsoon seasons in Singapore, the occurrence of microbes in the 
catchment were still influenced by precipitation to a certain extent. The amount of rainfall that 
occurred during the sampling day and previous day correlated with both E. coli and 
enterococcus concentrations in the catchment. Storm water affects water quality by 
transporting contaminants to receiving surface waters (Barbosa et al., 2012, Jiang and Chu, 
2004, Sidhu et al., 2012). In Southern California, concentrations of total coliform, faecal 
coliform and enterococcus were highest during a period of heavy rainstorm (Choi and Jiang, 
2005, Jiang and Chu, 2004). Faecal indicator bacteria concentrations were also significantly 
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greater during storm events than during dry-weather conditions in inland watersheds in the 
United States (Rowny and Stewart, 2012). On the other hand, the presence of coliphages in 
surface waters did not correlate with rainfall, except for FRNA GI, which correlated with the 
amount of rainfall on the sampling day. In storm samples, although average concentrations of 
coliphages did not differ from dry-weather samples, an increase in concentration by two 
orders of magnitude was still observed during the first hour of rain. Brion et al. (2002) also 
observed a significant increase in coliphages during rainfall in an urban catchment. Coliphage 
isolation frequency was found to be related to land use and recent runoff or heavy rains 
(Brion et al., 2002). Similarly, microbial contamination in receiving waters was influenced by 
watershed development, streamflow and antecedent precipitation in the United States (Rowny 
and Stewart, 2012). 
In this study, the abundance ratio of somatic to male-specific coliphages was also 
examined. In water samples from station B, where most of the target viruses occurred at 
higher concentration and frequency, the ratio of somatic to male-specific coliphages was the 
lowest with a mean value of 2.4. We postulate that a lower ratio of somatic to male-specific 
coliphages in catchments could indicate recent faecal contamination (with greater occurrence 
of enteric viruses), while a higher ratio of somatic to male-specific coliphages could indicate 
contamination from an older source (with lower occurrence of enteric viruses), possibly from 
storm and urban runoff carrying higher number of somatic coliphages with better survival 
than male-specific coliphages. The use of abundance ratios of bacterial and viral indicators 
has been suggested as a viable tool in recreational water quality assessment and microbial 
source tracking. Ibarluzea et al. (2007) found that at low levels of bacterial pollution (E. coli < 
100 MPN/100ml), somatic coliphages outnumber E. coli, while at higher levels of pollution 
(E. coli > 100 MPN/100ml), somatic coliphage numbers are lower than those of E. coli, 
suggesting that waters which have higher numbers of bacteriophages than bacterial indicators 
are better for bathing. The abundance ratio of somatic coliphages and phages infecting 
Bacteroides thetaiotaomicron, which is specific to human faecal sources, has also been 
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suggested as a method to distinguish samples polluted with human faeces (low ratios) from 
those containing animal faecal pollution (high ratios) due to their stability during water 
treatment and ageing of contamination in natural environments (Muniesa et al., 2012).  
The presence of coliphages in the environment is generally associated with faecal 
contamination and the simultaneous occurrence of enteric viruses. Therefore, coliphages have 
been suggested as an index of human enteric viruses in surface waters (Savichtcheva and 
Okabe, 2006). However, it appears from the literature that there is no clear consensus on the 
relationships between them. In Singapore, significant correlations were observed between 
somatic coliphages and adenoviruses and between male-specific coliphages and noroviruses 
in sewage samples (Aw, 2010). In the environment, statistical correlations were observed 
between male-specific coliphages, total coliforms, noroviruses and adenoviruses in river 
water samples in Japan (Haramoto et al., 2005) and male-specific coliphages and human 
adenoviruses in river water samples in France (Ogorzaly et al., 2009). In contrast, no 
correlation was found between coliphages and enteric viruses in wells and surface waters in 
the US (Borchardt et al., 2004) and France (Hot et al., 2003) and between faecal coliforms, E. 
coli, hepatitis A viruses and noroviruses in estuarine waters in Mexico (Hernandez-Morga et 
al., 2009). 
Statistical correlations were examined between the presence of bacterial indicators, 
coliphages and enteric viruses in this study. Among FRNA coliphages, FRNA GI and GII 
were chosen as representative animal and human faecal indicators since FRNA GIII and GIV 
were rarely detected in our samples. Human enteric viruses correlated with the presence of 
human-specific coliphages in urban freshwater catchments (P < 0.05), but not with animal-
specific coliphages (P > 0.05), except for noroviruses, which was weakly correlated to FRNA 
GI (r = 0.19). Enteric viruses were better correlated to FRNA GII measured from the same 
concentrated sample using QPCR (r = 0.41 to 0.50) than coliphages measured using the 
standard plaque assay (r = 0.16 to 0.33) and bacterial indicators (r = 0.21 to 0.26). The weaker 
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correlation between the broad group of male-specific and somatic coliphages with enteric 
viruses may be attributed to differences in 1) detection method used and 2) faecal sources. 
Firstly, the choice of detection method for pathogens and indicators may introduce 
bias to statistical analysis since PCR methods can detect both infectious and non-infectious 
particles while culture methods can only detect infectious units. Also, loss of infectivity is 
much faster than genome degradation for both coliphages and viruses (Kirs and Smith, 2007, 
Ogorzaly et al., 2010). The first study that demonstrated relationships between virus 
concentrations and FRNA phages in a variety of environments is Havelaar et al. (1993), 
where pathogens and indicators were both measured using culture methods. Viruses isolated 
from concentrated samples using BGM cell line and agar overlay method correlated with 
FRNA phages enumerated on host strain WG49. Concentrations of FRNA phages, 
enteroviruses, and enteric viruses were significantly correlated in coagulated (Fe3+) effluent 
(P < 0.05), partially treated river water (P < 0.01), river water (P < 0.01), and lake water (P < 
0.01), while enteric viruses were also correlated with FRNA phages in UV-irradiated effluent 
(P < 0.05) (Havelaar et al., 1993). In contrast, no correlation was observed in coastal waters 
between human adenoviruses detected by nested PCR and coliphages enumerated on E. coli 
ATCC 15597, which is a general host for DNA and RNA coliphages; although a correlation 
existed between F-specific coliphages enumerated on E. coli HS (pFamp)R and adenoviruses 
(r = 0.99) (Jiang et al., 2001). Similarly, in urban rivers, Jiang and Chu (2004) did not observe 
any correlation between adenoviruses, enteroviruses, and hepatitis A viruses measured using 
PCR and RT-PCR with coliphages enumerated on E. coli ATCC 15597 and HS (pFamp)R. F-
specific coliphages were only associated with the presence of total coliforms (r = 0.93) and 
faecal coliforms (r = 0.83) measured using standard membrane filtration protocols (Jiang and 
Chu, 2004). On the other hand, Ballester et al. (2005) used ICC-nPCR for viruses and a two-
step enrichment method for coliphages and found significant correlations (P < 0.05) between 
viral pathogens and indicators in seawater. The ICC-nPCR method employed a cell culture 
step prior to PCR and permitted viral replication using BGMK and CaCo-2 cell lines, and the 
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two-step enrichment method permitted overnight propagation of very low number of phages. 
These two methods improved detection rates in seawater such that associations between male-
specific coliphages and adenoviruses (r = 0.65), rotaviruses (r = 0.69), and enteroviruses (r = 
0.61), and between somatic coliphages and adenoviruses (r = 0.67), rotaviruses (r = 0.50), and 
enteroviruses (r = 0.42) were observed (Ballester et al., 2005). More recently, Ogorzaly et al. 
(2009) demonstrated relationships between human adenoviruses in river water and somatic 
coliphages (r = 0.60), and FRNA GII (r = 0.49) which was measured using qPCR. 
Secondly, faecal source may introduce bias to statistical analysis when comparing 
pathogens of human origin with indicators that may or may not have originated from humans. 
While molecular methods can target specific human or animal markers, standard methods for 
indicators target a broader group of culturable microbes. Plaque assays that detect coliphages 
are sensitive to multiple types of strains from various sources such as FRNA and FDNA 
phages, and somatic coliphages, which are also found in animals (Lee et al., 2009, Long et al., 
2005, Stewart-Pullaro et al., 2006). In this study, positive correlations between human enteric 
viruses and FRNA GII confirm the anthropogenic nature of contamination. The lack of 
correlation between human enteric viruses and FRNA GI supports the assumption of different 
faecal sources. While the correlation between male-specific and somatic coliphages with 
enteric viruses remain weak, the presence of coliphages in surface waters still indicate faecal 
sources of contamination since their replication in the environment is unlikely (Jofre, 2009). 
However, other authors have suggested that coliphages may be able to replicate in sewage due 
to a higher density of host cells (Furuse et al., 1981, Havelaar et al., 1990), in which case, the 
presence of coliphages in the environment indicate contamination from sewage. Nevertheless, 
both of these scenarios present risks to microbial exposure. 
In the interest of public health and water quality assessment, the equivalence of 
current water quality standards based on E. coli and enterococci concentrations were derived 
for coliphages. Dutka et al. (1987) first demonstrated that coliphage concentrations can be 
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predicted based on bacterial indicators using linear regression models. The author also 
proposed a water quality guideline of 20 PFU/100ml coliphages for recreational fresh waters, 
representing the minimum number of coliphages when infectious enteroviruses were detected. 
However,   in   this   study,   viruses   were   still   detected   at   coliphage   concentrations   of   ≤   1  
PFU/100ml. Unlike the previous study, here, viruses were detected using molecular methods 
which may or may not be infectious. In comparison, Love et al. (2010) performed linear 
regression on matched pairs of faecal indicators from estuarine water samples and predicted 
38.9 PFU/100ml somatic and 1 PFU/100ml male-specific as levels corresponding to the 
enterococci criteria of 35 CFU/100ml, whereas extrapolations from epidemiologic studies in 
freshwater bathing sites gave a value of 36 PFU/100ml somatic coliphages (Love et al., 2010, 
Wiedenmann et al., 2006). Using the models developed in this study, the equivalence of 35 
CFU/100ml enterococci was found to be 43 PFU/100ml somatic and 14 PFU/100ml male-
specific, which are slightly higher that those predicted in the previous studies, possibly due to 
differences in geographic conditions. 
The equivalence of 200 CFU/100ml enterococci (similar to WHO guidelines) for 
recreational waters in Singapore was also predicted using models developed in this study. 
Based on the correlation of faecal indicators and using linear regression, the criteria of 120 
PFU/100ml total coliphages, 86 PFU/100ml somatic and 23 PFU/100ml male-specific are 
proposed. Of particular interest are the samples from station B, where a majority of the 
samples (75%) exceeded the criteria; the highest detection rate for at least one of the target 
viruses was also observed (85%). Using 86 PFU/100ml as guideline, the sensitivity of somatic 
coliphages in predicting the presence of at least one type of enteric virus in the monthly 
samples from the catchment area was calculated to be 52% (sensitivity was calculated as the 
number of true positives divided by the sum of true positives and false negatives). Using the 
lower bound of 95% CI that is 32 PFU/100ml somatic coliphages, the sensitivity increased to 
79%. For male-specific coliphages, the sensitivity based on 23 PFU/100ml was calculated to 
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be 50%. Although these numbers are not very high, the sensitivity based on 200 CFU/100ml 
enterococci was only 36%. 
Considering that other pathogens, aside from viruses, may also be present in the 
environment, and since current bacterial standards were developed based on epidemiological 
studies, samples from the catchment area were also assessed based on the guidelines proposed 
by Wiedenmann et al. (2006) for freshwater bathing sites. Based on NOAELs, criteria for E. 
coli, enterococci and somatic coliphages were 100, 25 and 10 per 100ml respectively. Using 
the models in this study, 100 E. coli and 25 enterococci were predicted to be equivalent to 28 
and 38 somatic coliphages respectively, which are much higher than those directly derived 
from bathing studies in Germany. The value of 10 somatic coliphages is closer to the lower 
bound of the 95% confidence interval range (11.1 to 67.6) derived from the E. coli model. 
Using the more conservative guideline of 10 PFU/100ml somatic coliphages, eighty percent 
(80%) of all samples exceeded the threshold, indicating that based on these standards, full 
body immersion should be restricted within the catchment.  
In North Carolina, coliphage criteria for reclaimed water, which has additional 
approved uses such as wetland augmentation and non-contact irrigation of food chain crops, 
are 5 PFU/100ml (monthly geometric mean) and 25 PFU/100ml (daily maximum) (Stiegel et 
al., 2012). In Singapore, water from the reservoir, which is also used for drinking water 
supply, undergoes chemical treatment, filtration and disinfection before it is piped to the 
population. Hence, the issue of viruses in drinking water is properly addressed. 
While the equivalence for FRNA GII was also derived (310 GC/100ml), their 
presence in the environment is in itself a better predictor of the presence of enteric viruses. 
Out of the 98 samples positive for FRNA GII, 83 samples were also positive for enteric 
viruses, whereas only 59 were positive out of the 71 samples that exceeded the equivalent 
criteria for FRNA GII. Conversely, there were only 29 cases when an enteric virus was 
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present but FRNA GII was absent, compared to 53 cases when FRNA GII was below the 
equivalent criteria.  
 
5.6 Conclusions 
This chapter presented the use of coliphages as alternative water quality indicators in 
freshwaters in a tropical urban region. Somatic and male-specific coliphages were detected in 
most of the water samples (98% and 94% respectively) and displayed seasonal stability 
throughout the year. Mean concentrations of somatic coliphages (1.8 × 102 PFU/100ml) were 
generally higher than male-specific coliphages (7.4 × 101 PFU/100ml), which can be partly 
explained by their higher occurrence in wastewater.  
Peak microbial concentrations occurred at various times throughout the day, in 
particular at 3:00 PM and 3:00 AM for somatic coliphages similar to noroviruses, which 
suggests a common faecal origin. 
Higher bacterial and viral indicator concentrations were observed in water samples 
from station B where a higher prevalence of noroviruses (68%), human adenoviruses (36%), 
astroviruses (36%) and rotaviruses (32%) also occurred. Geometric mean concentrations of 
indicators were 4.4 × 103 MPN/100ml E. coli, 7.5 × 102 MPN/100ml enterococci, 1.4 × 102 
PFU/100ml somatic and 8.7 × 101 PFU/100ml male-specific coliphages. FRNA GII coliphage 
concentrations (8.7 × 104 GC/L) were also found to be significantly higher in station B 
compared to the other four locations (P < 0.005). 
Ratios of somatic to male-specific coliphages at various sampling locations (ranging 
from 0.119 to 69.5) were lower when concentrations of enteric viruses were higher, and vice 
versa. The lowest mean and median ratios (2.4 and 1.8) were observed in station B where the 
highest detection rates of enteric viruses were also observed. In the absence of more 
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sophisticated methods to detect enteric viruses, abundance ratios of coliphages may be useful 
alternative indicators to predict the presence of enteric viruses in the environment. 
Statistical correlations were observed between the presence of viral pathogens and 
viral indicators in the environment. Somatic coliphages correlated with human adenoviruses 
(r = 0.17, P < 0.05), astroviruses (r = 0.20, P < 0.05) and noroviruses (r = 0.33, P < 0.05). 
Male-specific coliphages correlated with astroviruses (r = 0.23, P < 0.05), noroviruses (r = 
0.23, P < 0.05) and rotaviruses (r = 0.26, P < 0.05). It is worth noting that associations were 
stronger between human enteric viruses and human-specific indicators, in particular between 
human-specific coliphage FRNA GII and human adenoviruses (r = 0.43, P < 0.05), 
astroviruses (r = 0.44, P < 0.05) and noroviruses (r = 0.50, P < 0.05), possibly due to 
similarities in detection method used and faecal source. 
Regression models of viral and bacterial indicators derived in this study were 
comparable to those derived in the United States and epidemiological studies conducted in 
bathing sites in Germany. The predicted equivalence of 35 CFU/100 ml enterococci, which is 
the guideline value for recreational waters in the United States, was 43 PFU/100 ml somatic 
or 14 PFU/100ml male-specific coliphages, whereas others predicted 39 PFU/100ml somatic 
or 1 PFU/100ml male-specific coliphages. Based on NOAELs, the suggested guide value of 
100 E. coli in bathing sites in Germany was predicted to be equivalent to 27 PFU/100ml 
somatic using the model, whereas actual NOAEL was 10 somatic, which is closer to the lower 
bound of the 95% CI range of the model equivalent to 11 somatic coliphages. 
The guideline value of 200 CFU/100ml enterococci, applied in Singapore, was 
equivalent to 86 PFU/100ml somatic or 23 PFU/100ml male-specific coliphages. Exceedance 
rates were 32% based on 200 CFU/100 ml enterococci, 44% based on 86 PFU/100ml somatic 
and 43% based on 23 PFU/100ml male-specific. Based on these guide values, coliphages 
were found to be better than enterococci in predicting the presence of enteric viruses in water 
samples. Enterococci had a sensitivity of 36% based on the guideline value of 200 
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CFU/100ml while coliphages had higher sensitivities of 52% and 50% based on the proposed 
guide values of 85 PFU/100ml somatic and 23 PFU/100ml male-specific. 
In summary, this chapter demonstrated the usefulness of coliphages as indicators of 
water quality. Their associations with enteric viruses, predictive capacity and applications in 
microbial source tracking make them an attractive and viable alternative to traditional 
bacterial indicators. 
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6 FACTORS AFFECTING THE SURVIVAL OF COLIPHAGES 
IN WATER 
6.1 Introduction 
In the previous chapters, the occurrence, risks and associations between enteric 
viruses and coliphages were discussed. One of the central themes covered is the use of 
coliphages as alternative water quality indicators. As indicators, their ability to survive in the 
local tropical climate is of particular importance. In this chapter, the survival of coliphages in 
local waters and prevailing environmental conditions is evaluated. Different factors that 
influence their inactivation such as sunlight, water matrix and indigenous microbes are 
examined. This chapter satisfies the third and final objective of this thesis. 
Several factors influence the survival of coliphages in water including temperature, 
water matrix, sunlight, microbial community, oxygen and nutrient levels. In general, 
coliphages do not replicate in environments outside the gut where host bacterial levels are less 
than 104 CFU/ml or in nutrient-poor environments that do not support host growth (Woody 
and Cliver, 1997). Among factors controlling their inactivation, temperature, solar radiation, 
and the presence of indigenous microbes have the greatest influence (Gordon and Toze, 2003, 
Lo et al., 1976). A study by Noble et al. (2004) showed that temperature and solar irradiation 
had more significant effects on the inactivation rates of viruses compared to nutrient level, 
total suspended solids, and water matrix. However, other studies have suggested that the 
influence of temperature and oxygen on the inactivation of viruses is secondary to the 
presence of indigenous groundwater microorganisms (Gordon and Toze, 2003). Lee and 
Sobsey (2011) found that while temperature in itself was a significant factor, water type was a 
more important predictor of virus inactivation which was attributed to an increase in 
microbial activity from indigenous organisms. Nonetheless, the mechanism of inactivation by 
indigenous microorganisms is less well understood. It has been suggested that indigenous 
  211 
groundwater microorganisms are more metabolically active at higher temperatures, thereby 
degrading the pathogens at a faster rate (Gordon and Toze, 2003). Similarly, it was also 
suspected that viable cellular microorganisms accelerated the rate of viral inactivation due to 
increased microbial activity at 25°C (Lee and Sobsey, 2011). 
In addition, the comparative resistance of different type strains of coliphages in 
different environments may influence their prevalence and the ability to attribute their 
prevalence to specific sources of faecal contamination (Long and Sobsey, 2004). Long and 
Sobsey (2004) found that among male-specific coliphages, MS2 (FRNA) and M13 (FDNA) 
survived significantly longer in lake water at 4°C and 20°C than other environmental isolates. 
Among somatic coliphages, Lee and Sobsey (2011) found that PhiX174, Lambda and T4 
survived longer in surface water at 4°C and 25°C than other strains tested, and that PhiX174 
and Lambda were more resistant to UV radiation while PhiX174 and T4 were more resistant 
to heat. 
Although many studies have been conducted in the past to investigate inactivation 
rates of various strains of coliphages, few studies have incorporated the use of sewage as an 
inoculant, which may contain flora that is different from laboratory-cultured strains (Noble et 
al., 2004). In addition, most inactivation studies have been carried out in temperate regions 
and at lower temperatures ranging from 4°C to 25°C (Bae and Schwab, 2008, Lee and 
Sobsey, 2011, Noble et al., 2004, Ogorzaly et al., 2010) although some studies have examined 
temperatures greater than 25°C which may be expected in a tropical region (Allwood et al., 
2003, Gordon and Toze, 2003). 
To address these gaps, this study aimed to examine the survival of different coliphage 
types in prevailing environmental conditions and local waters. Two experiments were 
conducted. In the first experiment, raw sewage was used as an inoculant and the overall 
inactivation rates of indigenous male-specific and somatic coliphages were compared. In the 
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second experiment, prototype strains MS2 and PhiX174 were seeded in various matrices and 
the interactive effects of sunlight and indigenous microbes were compared. 
 
6.2 Methods 
Two microcosm experiments were conducted to examine the inactivation of 
coliphages under prevailing tropical conditions and the effects of sunlight, water matrix and 
indigenous microbes on the inactivation of coliphages. 
The first experiment was conducted from 19 February to 4 March 2013 to examine 
the inactivation of coliphages under prevailing tropical conditions. Each microcosm 
comprised of 20 liters surface water and 200 ml raw sewage collected from a wastewater 
treatment plant. The surface water acted as the receiving water body while raw sewage acted 
as the source of faecal pollution. The microcosm was placed outside and exposed to sunlight 
and natural weather conditions. 
The second experiment was conducted from 2 to 17 December 2013 to examine the 
effect of sunlight, water matrix and indigenous microbes on the inactivation of coliphages. 
Coliphage prototype strains, MS2 and PhiX174, were seeded into 1 liter of test water with 
varying proportions of indigenous microbes. The amount of indigenous microbes was 
manipulated by mixing fixed ratios of filtered and unfiltered surface water (0:100, 25:75, 
50:50, 75:25, 100:0), thereby reducing encounter rates between coliphages (prey) and other 
microbes (predator), which may affect their inactivation. To compare the effect of the water 
matrix on inactivation, prototype strains were also seeded into 1 liter of ultrapure water. 
Samples were placed outside and exposed to prevailing environmental conditions. In order to 
allow UV to penetrate from the top, polypropylene (PP) bottles were sealed with a thin 
polyethylene (PE) film which cannot absorb UV radiation above 290 nm (Briassoulis et al., 
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2004). In contrast, dark samples were encased in an opaque secondary container to block 
sunlight. 
For both experiments, male-specific and somatic coliphages were enumerated using 
the single or double agar layer method until detection limits were reached. Duplicate 
measurements were taken. The change in concentration with respect to time (dC/dt) was 






Prevailing weather conditions and water quality parameters for both experiments are 
given in the Tables 6.1 and 6.2 below.  
 
Table 6.1 Average daily values of prevailing weather conditions 
 Experiment 1 Experiment 2 
Period 19/2/13 to 4/3/13 2/12/13 to 17/12/13 
Maximum temperature  31.2°C 30.7°C 
Minimum temperature  24.9°C 23.9°C 
Mean temperature 27.4°C 26.6°C 
Maximum relative humidity  95.6 % 98.1 % 
Minimum relative humidity 65.8 % 66.6 % 
Mean relative humidity 83.3 % 87 % 
Amount of cloud cover 87.9 % 89.6 % 
Sunshine duration 5.2 hours 4.3 hours 
Solar radiation 472.9 mWh/cm2 399.0 mWh/cm2 
Rainfall 9.5 mm 13.4 mm 
 
Table 6.2 Typical water quality measurements of surface waters 
 Experiment 1 Experiment 2 
Temperature 26.1°C 27.3°C 
Conductivity 206.52  μS/cm 152.71  μS/cm 
TDS 90.17 ppm 130.57 ppm 
Salinity 98.42 ppm 71.43 ppm 
pH 7.76 6.80 
DO 7.67 ppm 6.79 ppm 
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6.3 Results  
6.3.1 Inactivation of coliphages in water under prevailing environmental 
conditions 
Surface water samples had low levels of male-specific (26 PFU/100ml) and somatic 
coliphages (9 PFU/100ml). After sewage was added, the resulting concentration of coliphages 
in the mixture was 235 PFU/100ml male-specific and 1174 PFU/100ml somatic coliphages. A 
dramatic decline in the concentration of coliphages was observed within the first 3 days of the 
study as shown in Figures 6.1 and 6.2. Inactivation rates for each microcosm were modeled 
based on log10 concentrations of coliphages (Equations 6.2 to 6.5) where the dependent 
variable (y) is the inactivation rate (log10 Ct/Co) and the independent variable (x) is time (t) in 
days. Based on linear regression models, male-specific coliphages were inactivated faster than 
somatic coliphages (refer to Tables 6.3 to 6.6 and Figures 6.3 to 6.6 below). In surface water 
with raw sewage, ninety percent (90%) of male-specific coliphages was removed within 2 to 
3 days (T90 = 2.21 days) while, while ninety percent of somatic coliphages was removed 
within 3 to 4 days (T90 = 3.72 days) (Table 6.7). The abundance of somatic coliphages in raw 
sewage and slower inactivation in environmental waters, relative to male-specific coliphages, 
may partially explain their higher prevalence in receiving surface waters. 
 






Figure 6.1 Decline in concentrations of (A) male-specific and (B) somatic coliphages in 
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Figure 6.2 Comparison of concentrations of male-specific (¨) and somatic (¡) coliphages in 
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Table 6.3 Model parameters for the inactivation of male-specific coliphages in surface water 
 
Source Value Standard 
error 




Intercept 0.000      










Figure 6.3 Predicted inactivation rate (y) of male-specific coliphages in surface water from 
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Table 6.4 Model parameters for the inactivation of male-specific coliphages in surface water 
with raw sewage 
 
Source Value Standard 
error 




Intercept 0.000      










Figure 6.4 Predicted inactivation rate (y) of male-specific coliphages in surface water with 
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Table 6.5 Model parameters for the inactivation of somatic coliphages in surface water 
 
Source Value Standard 
error 




Intercept 0.000      










Figure 6.5 Predicted inactivation rate (y) of somatic coliphages in surface water from the 
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Table 6.6 Model parameters for the inactivation of somatic coliphages in surface water with 
raw sewage 
 
Source Value Standard 
error 




Intercept 0.000      










Figure 6.6 Predicted inactivation rate  (y) of somatic coliphages in surface water from the 
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Table 6.7 Inactivation of male-specific (F+) and somatic coliphages (Som) in surface water 
and raw sewage (28°C) 
 






F+ surface water 0.30 3.33 6.67 
F+ surface water with raw sewage 0.45 2.21 4.42 
Som surface water 0.12 8.47 16.95 




6.3.2 Effect of sunlight, water matrix and indigenous microbes on the 
inactivation of coliphages 
Background levels of male-specific and somatic coliphages in surface water samples 
were 120 PFU/100ml and 290 PFU/100ml respectively. After MS2 and PhiX174 were added, 
the average starting concentrations in each sample were 4.6 × 106 PFU/ml and 8.0 × 105 
PFU/ml respectively. Coliphage concentrations in samples exposed to sunlight decreased 
rapidly compared to dark samples held at similar conditions (Figures 6.7 and 6.8). 
No consistent increase or decrease in the inactivation of MS2 and PhiX17 were 
observed among samples with varying ratios of filtered and unfiltered surface water (Table 
6.8). Among surface water samples directly exposed to sunlight, MS2 in unfiltered surface 
water (T90 = 0.88 days) and PhiX174 in 100% filtered surface water (T90 = 0.40 days) 
inactivated the fastest, while the slowest was MS2 in 100% filtered surface water (T90 = 1.06 
days) and PhiX174 in 25% filtered surface water (T90 = 0.66 days). However, the differences 
in T90 or T99 among samples under light conditions with varying the ratios of filtered and 
unfiltered surface water were not significant (ANOVA, P > 0.05). 
Among surface water samples that were not directly exposed to sunlight, MS2 in 
unfiltered surface water (T90 = 3.43 days) and PhiX174 in unfiltered surface water (T90 = 3.48 
days) inactivated the fastest, while the slowest was MS2 in 100% filtered surface water (T90 = 
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5.52 days) and PhiX174 in 100% filtered surface water (T90 = 7.56 days). Again, no 
significant differences in T90 or T99 were observed among samples in dark conditions with 
varying the ratios of filtered and unfiltered surface water (ANOVA, P > 0.05). 
Moreover, no consistent pattern was observed between filtered or unfiltered surface 
water and ultrapure water samples in both light and dark conditions. Surface waters did not 
necessarily increase or decrease inactivation rates significantly (ANOVA, P > 0.05). 
However, when light and dark samples were compared, significant differences were 
observed in the inactivation of both types of coliphages. Direct exposure to sunlight 
significantly increased the inactivation of MS2 and PhiX174 in water (ANOVA, P < 0.05). 
Sunlight increased the inactivation of coliphages by as much as 3 logs within three days, 
while the first log reduction in dark conditions were observed on or after the fourth day. 
Therefore, the effect of indigenous microbes and water matrix were secondary compared to 
sunlight, as differences among samples with varying levels of indigenous microbes and 
between surface and ultrapure water were not significant. 
 
 







Figure 6.7 Concentration of MS2 under (A) light and (B) dark conditions in unfiltered surface 
water (), 25% filtered surface water (), 50% filtered surface water (U), 75% filtered 

































Figure 6.8 Concentration of PhiX174 under (A) light and (B) dark conditions in unfiltered 
surface water (), 25% filtered surface water (), 50% filtered surface water (U), 75% 
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Table 6.8 Inactivation of coliphages in various water matrices, light conditions and proportions of indigenous microbes (28°C) 








MS2 Light unfiltered surface water 100% 1.13 0.88 1.76 
MS2 Light 25% filtered surface water 75% 1.11 0.90 1.79 
MS2 Light 50% filtered surface water 50% 1.02 0.98 1.97 
MS2 Light 75% filtered surface water 25% 0.98 1.02 2.04 
MS2 Light 100% filtered surface water 0% 0.94 1.06 2.12 
MS2 Light ultrapure water  1.12 0.89 1.78 
MS2 Dark unfiltered surface water 100% 0.29 3.43 6.87 
MS2 Dark 25% filtered surface water 75% 0.28 3.61 7.22 
MS2 Dark 50% filtered surface water 50% 0.28 3.54 7.08 
MS2 Dark 75% filtered surface water 25% 0.24 4.18 8.35 
MS2 Dark 100% filtered surface water 0% 0.18 5.52 11.04 
MS2 Dark ultrapure water  0.10 10.05 20.11 
PhiX174 Light unfiltered surface water 100% 1.58 0.63 1.27 
PhiX174 Light 25% filtered surface water 75% 1.52 0.66 1.32 
PhiX174 Light 50% filtered surface water 50% 1.85 0.54 1.08 
PhiX174 Light 75% filtered surface water 25% 1.89 0.53 1.06 
PhiX174 Light 100% filtered surface water 0% 2.49 0.40 0.80 
PhiX174 Light ultrapure water  5.56 0.18 0.36 
PhiX174 Dark unfiltered surface water 100% 0.29 3.48 6.97 
PhiX174 Dark 25% filtered surface water 75% 0.25 3.97 7.94 
PhiX174 Dark 50% filtered surface water 50% 0.20 4.93 9.85 
PhiX174 Dark 75% filtered surface water 25% 0.22 4.56 9.13 
PhiX174 Dark 100% filtered surface water 0% 0.13 7.56 15.13 
PhiX174 Dark ultrapure water  0.26 3.90 7.80 
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6.4 Discussions 
In this study, the effects of prevailing natural conditions on the survival of coliphages 
in environmental waters were examined. The results of both experiments showed that male-
specific and somatic coliphages tend to be removed in the environment within a few days 
under natural tropical conditions where temperatures ranged from 24 to 31°C. As indicators 
of faecal pollution, this trait is desirable as their presence in the environment could indicate 
more recent contamination events from point or non-point sources, especially in pristine 
waters where coliphages are not usually detected. Moreover, coliphages have been found to 
be more persistent than faecal coliforms, E. coli and enterococci under natural conditions in 
sewage-polluted seawater and freshwaters (Noble et al., 2004, Sinton et al., 1999, Sinton et 
al., 2002). E. coli has also been found to be more susceptible than poliovirus and hepatitis A 
virus in various types of seeded waters held at 10, 20 and 30°C, while male-specific 
coliphages were found to be more resistant under most conditions (Nasser et al., 1993). In this 
regard, coliphages in the environment may be a better index of viral pollution than traditional 
bacterial indicators. 
A combination of multiple factors can influence the survival of coliphages in the 
environment. In this study, sunlight was found to have the greatest impact on the removal of 
coliphages in water while water matrix and indigenous microbes had lesser effects. Natural 
sunlight has been found to significantly increase the inactivation rates of coliphages and 
bacterial indicators in freshwater and seawater matrices held at 20°C.  In these experiments, 
the rate of loss of infectivity of male-specific coliphages was found to be independent of TSS 
levels and water matrix (Noble et al., 2004). Although adsorption to particulate matter has 
been suggested to prolong the survival of viruses and promote accumulation in the sediment 
(Gerba and Schaiberger, 1975), the effect of TSS on their removal was not significant (Noble 
et al., 2004). Salinity has also been found to have no significant short-term effects on 
coliphages, although longer periods of exposure (>30 days) may cause inactivation (Schaper 
  227 
et al., 2002a). However, in the presence of sunlight, increasing salinity has been said to 
increase the inactivation of coliphages, in particular, FRNA coliphages which have been 
found to be more susceptible to sunlight at higher salinities than somatic coliphages (Sinton et 
al., 2002). The interactive effects between sunlight and other water quality parameters have 
also been reported elsewhere. For instance, Schaper et al. (2002a) found that indirect photo-
oxidation from exposure to natural conditions, in addition to temperature and pH, were more 
important factors controlling the inactivation of male-specific coliphages in freshwaters. 
Similarly, Davies-Colley et al. (1999) found that in the presence of sunlight, elevated levels of 
dissolved oxygen and the presence of potential photosensitizers increased the inactivation of 
FRNA coliphages.  
The action of the full spectrum of sunlight on the inactivation of coliphages can be 
direct or indirect through the formation of reactive oxygen species from natural organic 
matter present in the water. Solar radiation that penetrates the atmosphere is mostly UVA 
(320 to 400 nm wavelength) while UVB (280 to 320 nm) and UVC (200 to 280) are partially 
absorbed (Meierhofer et al., 2002). FRNA coliphages have been found to be susceptible to all 
the components of the solar spectrum below 556 nm while FDNA and somatic coliphages 
have been found to be more susceptible to shorter UVB wavelengths in both seawater and 
freshwater (Sinton et al., 1999, Sinton et al., 2002). In buffered solutions, sunlight has been 
found to cause rapid inactivation of MS2 due to direct damage mainly caused by UVB 
irradiation (Romero et al., 2011). This mechanism has been said to be more important at 
shallower depths due to the attenuation of shorter wavelengths in water. UV radiation has 
been found to decrease at increasing water depth and turbidity. For instance, at a water depth 
of 10 cm and a moderate turbidity of 26 NTU, UVA radiation is reduced to 50% (Meierhofer 
et al., 2002). Moreover, the action of indirect damage by UVA and natural organic matter at 
lower depths was found to be positively influenced by increasing temperature (Romero et al., 
2011). Therefore, in the environment, the effect of sunlight on the inactivation of coliphages 
may vary depending on the prevailing climate and composition of the water matrix, although 
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the effect of water matrix in itself, in the absence of sunlight, may not necessarily be 
significant based on the results of this study. 
Complex interactions govern the relationship of indigenous microbes and coliphages 
in water. While bacterial loss due to protozoan grazing and viral lysis are more common 
pathways, some studies have also shown that grazers can feed directly on viruses (Miki and 
Jacquet, 2008). In this study, the effect of indigenous microbes on the inactivation of 
coliphages was examined by mixing different ratios of filtered and unfiltered surface water, 
thereby altering encounter rates between predator (indigenous microbes from unfiltered 
surface water) and prey (MS2 and PhiX174). While significant differences in inactivation 
rates due to the presence of indigenous microbes were not observed, coliphage inactivation 
rates in dark samples decreased as the proportion of indigenous microbes were reduced, and 
vice versa. Coliphages in samples with unfiltered surface water (100% indigenous microbes 
present) displayed faster inactivation than in samples with varying proportions of filtered and 
unfiltered surface water. It is possible that increased encounter rates between predator and 
prey led to increased viral inactivation. In a study conducted by Pinheiro et al. (2007), 
somatic coliphage type T4 was removed in water by Tetrahymena thermophila which is a 
type of ciliate found in freshwater and sewage treatment plants. The removal of T4 from the 
medium coincided with inactivation and was due to the active engulfment by the ciliates 
(Pinheiro et al., 2007). Heterotrophic nanoflagellates (HNF) have also been shown to 
consume virus-sized particles (Bettarel et al., 2005). Predation of HNF on viruses has been 
estimated to contribute <5% of viral mortality in two lakes in France, with higher removal 
rates observed in the oligotrophic than in the eutrophic lake (Bettarel et al., 2005). 
Nonetheless, HNF grazers and viruses typically consume the same prey (bacteria). In this 
regard, the interaction between indigenous microbes and coliphages in natural waters may not 
be as straightforward. Therefore, while this study demonstrates that a higher proportion of 
indigenous microbes may contribute to an increase in viral loss, further investigation is 
needed to examine the mechanism and pathways involved. 
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The results of this study were also compared to earlier work done in other regions. 
Dark inactivation observed in this study for MS2 seeded in surface water (T90 = 3.43 days) 
and ultrapure water (T90 = 10.05 days) at a mean temperature of 27°C were comparable to 
MS2 seeded in groundwater (T90 = 2.7 days) at 28°C (Gordon and Toze, 2003) and tap water 
(T90 = 18.7 days) at 25°C (Allwood et al., 2003) respectively. However, dark inactivation 
observed in this study for PhiX174 seeded in surface water (T90 = 3.48 days) and ultrapure 
water (T90 = 3.9 days) at a mean temperature of 27°C were much faster than PhiX174 seeded 
in surface water (T90 = 15 days) and reagent water (T90 = 35 days) at 25°C (Lee and Sobsey, 
2011). In the 20-liter microcosm comprised of reservoir water and sewage, the inactivation of 
male-specific coliphages under natural conditions (T90 = 2.21 days) was comparable to 
experiments conducted in freshwater under high (T90 = 2.3 days) and low (T90 = 3.8 days) 
solar radiation (Noble et al., 2004). On the other hand, somatic coliphages survived better in 
this study (T90 = 3.72 days) than in studies conducted in river water (T90 = 0.35 to 1.28 days) 
and seawater (T90 = 0.30 to 2.14 days) during the summer and winter seasons (Sinton et al., 
1999, Sinton et al., 2002). 
It was also observed that under natural conditions, the inactivation of prototype 
strains MS2 and PhiX174 were not necessarily similar to the broader groups of coliphages 
they belonged to. In the 1-liter microcosm comprised of river water seeded with the prototype 
strains, inactivation was much faster for both MS2 (T90 = 0.88 to 1.06 days) and PhiX174 (T90 
= 0.40 to 0.63 days). Differences in survival between similar types of coliphages may be due 
to the differential resistance of laboratory-grown strains and environmental strains. Separate 
studies have shown significant differences in the removal and inactivation of seeded 
laboratory-grown and naturally occurring viruses and phages (Jofre, 2007). In a laboratory-
controlled study by Long and Sobsey (2004), 1-liter lake water microcosms were seeded with  
male-specific coliphage stocks (initial concentration of 2 × 104 PFU/ml) and incubated in the 
dark at 20°C. Results showed that laboratory strains MS2 (FRNA) and M13 (FDNA) were 
more resistant than any of the field isolates from environmental samples from faeces or 
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sewage. A wide range of T99 values (1.6 to 35 days) among various types of male-specific 
coliphages was observed (Long and Sobsey, 2004). Conversely, a separate study 
demonstrated the superiority in survival of field isolates over MS2. Untreated surface waters 
(10 ml) were seeded with male-specific coliphage stocks (105 to 107 PFU) and incubated in 
the dark at 25°C. Results showed that MS2 was inactivated at a faster rate than field isolates 
belonging to the same group (Brion et al., 2002). Hence it is also possible that naturally 
occurring coliphage strains found in sewage, used to inoculate the microcosm in the first 
experiment, were more persistent than the laboratory-grown strain MS2, inoculated in the 
second experiment. However, a more detailed comparative resistance study is needed to 
support this statement. Compared to male-specific coliphages, less is known about the 
comparative resistance of environmental strains of somatic coliphages in water. Among 
prototype strains, PhiX174, Lambda and T4 were found to be the most persistent types in 
seeded reagent and surface waters at temperatures of 23-25°C. Type strain PhiX174 and 
Lambda were the most resistant to UV radiation and PhiX174 and T4 were the most resistant 
to heat (Lee and Sobsey, 2011).  Nonetheless, all prototype strains tested were more sensitive 
to UV radiation, including PhiX174 which required a dose of 2 mJ/cm2 to achieve 1 log 
reduction (Lee and Sobsey, 2011), than MS2 which required a higher dose of 23 mJ/cm2 
(Thurston-Enriquez et al., 2003). This may explain why the inactivation rate of laboratory 
strain PhiX174 under light conditions was faster than MS2 in the second experiment. It is also 
consistent with the results of Sinton et al. (2002) where FRNA coliphages have been found to 
survive better than somatic coliphages in freshwaters under sunlight. However, the previous 
investigation did not include FDNA coliphages. In this study, the broad group of male-
specific coliphages (both FRNA and FDNA) exhibited faster inactivation than somatic 
coliphages in freshwaters under natural conditions (first experiment). Therefore, careful 
consideration is needed in the application of inactivation rates in models as field strains may 
be more resistant than laboratory strains even within similar groups of coliphages, which 
further supports findings on their differential resistance in the environment. 
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6.5 Conclusions 
This chapter presents the survival of coliphages in tropical surface waters under 
prevailing weather conditions. Overall coliphages were removed in test waters within a few 
days under natural sunlight. 
In the first experiment where surface water was inoculated with raw sewage, male-
specific coliphages was removed faster (T90 = 2.21 days) than somatic coliphages (T90 = 3.72 
days) (daily temperatures ranged from 24.9°C to 31.2°C). The mixture also initially contained 
more somatic coliphages (1.2 × 103 PFU/100ml) than male-specific coliphages (2.4 × 102 
PFU/100ml). Therefore, the abundance of somatic coliphages in raw sewage and slower 
inactivation in environmental waters, relative to male-specific coliphages, may partially 
explain their higher prevalence in receiving surface waters. In addition, their presence in the 
environment may indicate more recent contamination events from faecal sources as their 
concentrations decreased within 2-3 days.  
In the second experiment, where surface water microcosms were inoculated with 
MS2 and PhiX174, sunlight was found to have the greatest impact on the survival of 
coliphages under natural conditions, while water matrix and indigenous microbes had lesser 
effects (daily temperatures ranged from 23.9°C to 30.7°C). The inactivation of MS2 (T90 = 
0.88-1.06 days) and PhiX174 (T90 = 0.18-0.66 days) under sunlight conditions was faster than 
MS2 (T90 = 3.43-10.05 days) and PhiX174 (T90 = 3.48-7.56 days) in dark conditions. The 
effect of sunlight on the inactivation of coliphages was found to be significant (P < 0.05).  
The effect of water matrix was examined by comparing the survival of coliphages in 
filtered surface water and ultrapure water. Under light conditions, the inactivation of MS2 
were T90 = 1.06 days in filtered surface water and T90 = 0.89 days in ultrapure water, and the 
inactivation of PhiX174 were T90 = 0.40 and 0.18 days respectively. In dark conditions, the 
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inactivation of MS2 were T90 = 5.52 days in filtered surface water and T90 = 10.05 days in 
ultrapure water, and the inactivation of PhiX174 were T90 = 7.56 and 3.90 days respectively. 
As previously discussed, sunlight and water matrix may have synergistic effects on the 
inactivation of coliphages. In this experiment, the effect of water matrix was more 
pronounced in the absence of sunlight. Nonetheless, the differences in inactivation due to 
water matrix were not significant overall (P < 0.05). Therefore in the environment, the role of 
sunlight on their inactivation is more important than water matrix. 
Finally, the effect of indigenous microbes on the inactivation of coliphages was 
examined by mixing different ratios of filtered and unfiltered surface water. It was 
hypothesized that increasing encounter rates between predator (indigenous microbes from 
unfiltered surface water) and prey (MS2 and PhiX174) would also increase the inactivation 
rates of coliphages. However, no significant differences due to indigenous microbes were 
observed among mixtures (P > 0.05). Nonetheless, in dark conditions, it was observed that 
coliphages in samples with unfiltered surface water (100% indigenous microbes present) were 
inactivated faster than in samples with varying proportions of filtered and unfiltered surface 
water. In unfiltered and filtered surface waters, T90 increased from 3.43 to 5.52 days for MS2 
and from 3.48 to 7.56 days for PhiX174 respectively. Therefore, the survival of coliphages in 
water may be affected by the presence of indigenous microbes to a certain extent; however, 
the pathways involved need further examination as previously discussed. 
Finally, in freshwater microcosms seeded with sewage (first experiment), broad 
groups of somatic coliphages survived better than male-specific coliphages. However, in the 
second experiment where freshwater microcosms were seeded with coliphage prototype 
strains PhiX174 (somatic) and MS2 (male-specific), PhiX174 showed greater sensitivity 
under sunlight conditions. 
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Therefore, caution is needed in interpreting the occurrence and fate of coliphages in 
receiving waters based on prototype strains, as these may exhibit appreciable variability in 
reductions depending on type, source and environmental conditions. 




7.1 Summary and conclusions 
The prevalence of waterborne viral pathogens in the environment, particularly in 
recreational waters and drinking water supply, pose a threat to public health. Water-related 
outbreaks associated with human enteric viruses occur worldwide even in developed countries 
where there is access to infrastructure for sewage collection and treatment. Yet, routine 
monitoring for waterborne pathogens is not commonly done, as it is impractical to test for all 
potential pathogens on a regular basis. For recreational waters, microbial water quality 
assessment relies on the use of bacterial indicators such as E. coli and enterococci. Although 
these criteria have been developed based on epidemiological studies designed to reduce the 
risk of acquiring illnesses in water, the limitations of these indicators, in particular, their 
suitability as indicators of enteric viruses, have been recognized by water quality experts and 
public authorities. Hence, a number of alternative indicators have emerged in the past years, 
such as bacteriophages and source specific markers, to provide deeper insight on the nature of 
faecal pollution in waters. This study presents the occurrence of waterborne viral pathogens in 
tropical surface waters and their associated health risks, and the usefulness of coliphages as 
indicators of enteric viruses and faecal pollution. 
Surface water samples were collected monthly from the catchment area, which 
receives storm and urban runoff from the central district and upstream residential areas. 
Seventy-one percent (71%) of water samples tested positive for at least one of the target 
viruses. Among enteric viruses tested, noroviruses were the most prevalent type detected in 
50% of the samples, followed by rotaviruses (27%), human adenoviruses (25%) and 
astroviruses (23%). As Singapore is entirely sewered and treated effluent is discharged at sea, 
viral contamination in the catchment is attributed to non-point sources of pollution. Based on 
the results of this study, the prevalence of enteric viruses in the catchments appears to be 
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linked to high-population density areas, storm and urban runoff. First, significant variability 
in spatial distribution of virus concentrations appears to be influenced by land-use. In station 
B, the proportion of positives (49%) was found to be significantly higher than in other 
locations (P < 0.05) and norovirus concentrations (geometric mean of 2.1 × 102 GC/L) were 
also much higher than the rest of the catchment (P < 0.05). The prevalence of viral 
contamination in station B is likely due to the impact of increased human activity in the 
commercial and business districts relative to the other catchments, which are mostly 
residential. Second, the increase and decrease in seasonal detection rates of viruses and 
rainfall followed a similar trend when examined according to season on an annual basis. 
Noroviruses in particular were found to be more prevalent when monthly rainfall increased 
and were found to correlate with the amount of rainfall during the sampling day (P < 0.05). 
Past studies indicated that storm drains are negatively impacted by faecal pollution from 
leaking sewer pipes at building connections and sanitary-drains. Not surprisingly, increased 
urban runoff during the wetter months resulted in an increase in occurrence of viral 
contamination in surface waters.  
Human health risks associated with exposure to enteric viruses from recreational 
activities in the catchment area were further evaluated using QMRA. Four-hourly samples 
were collected from a water body that is frequented by the public for water sports and 
recreation. As expected, noroviruses were more prevalent in water samples than human 
adenoviruses. For noroviruses, detection rate was 75% with a geometric mean of 1.5 × 103 
GC/L and maximum concentration of 4.5 × 103 GC/L. For human adenoviruses, detection rate 
was 60% with a geometric mean of 8.5 × 102 GC/L and maximum concentration of 5.4 × 103 
GC/L. Occurrence data were fitted into an appropriate distribution curve using interval 
censoring methods. Alternatively, the effect of substitution of detection limits to nondetects 
and variable recovery rates were examined. Primary and secondary ingestion rates were 
considered for children and adults. Across all exposure scenarios examined, illness risks 
associated with noroviruses were higher than human adenoviruses, with upper 95th percentile 
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values of 0.17 and 0.074 respectively. Because of the prevalence and dominant risks 
associated with noroviruses, they are better suited as reference pathogens in recreational 
waters in Singapore. 
Mean illness risks due to secondary contact recreation were 0.010 for noroviruses and 
0.0046 for adenoviruses based on interval censoring methods. For noroviruses, the effect of 
substitution increased mean illness risks to 0.012. The effect of variable recovery rates had an 
even greater impact with upper risk estimates of 0.015 for secondary contact recreation. 
Nonetheless, risks due to secondary contact recreation remained below the threshold value of 
0.036 in more than 90% of the trials.   
This study also examined the usefulness of coliphages as alternative indicators of 
water quality. Coliphages demonstrated seasonal stability throughout the year, correlated with 
the presence of enteric viruses and bacterial indicators in water, displayed specificity towards 
faecal origin and did not replicate in test waters subject to prevailing tropical conditions. 
Almost all of the samples from the catchment area were positive for somatic (98%) 
and male-specific (94%) coliphages. Somatic coliphages were slightly more abundant than 
male-specific with mean concentrations of 1.8 × 102 PFU/100ml and 7.4 × 101 PFU/100ml 
respectively. Coliphages were present throughout the year and displayed stability throughout 
the monsoon and intermonsoon seasons. Similar to enteric viruses, the occurrence of 
coliphages in station B was also higher than in other locations. Male-specific coliphages, 
belonging to genogroup II (FRNA GII) associated with human faecal origin, were also found 
to be significantly higher in station B (P < 0.005), which is consistent with the prevalence of 
human enteric viruses in this particular catchment. Ratios of somatic to male-specific 
coliphages (Som/F+) were lower when concentrations of enteric viruses were higher in a 
particular location and vice versa. In this study, the lowest mean and median ratios (2.4 and 
1.8) were observed in station B where more viruses were detected. In the absence of more 
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sophisticated methods to detect enteric viruses, abundance ratios of coliphages may be useful 
alternative indicators to predict the presence of enteric viruses in the environment. 
Statistical correlations were observed between the presence of viral pathogens and 
viral indicators in the environment. Somatic coliphages correlated with noroviruses (r = 0.33, 
P < 0.05), human adenoviruses (r = 0.16, P < 0.05) and astroviruses (r = 0.20, P < 0.05). 
Male-specific coliphages correlated with noroviruses (r = 0.23, P < 0.05), astroviruses (r = 
0.23, P < 0.05) and rotaviruses (r = 0.26, P < 0.05). While between bacterial indicators, E. 
coli correlated with noroviruses (r = 0.24, P < 0.05), human adenoviruses (r = 0.21, P < 0.05) 
and astroviruses (r = 0.22, P < 0.05), and enterococci correlated with noroviruses (r = 0.26, P 
< 0.05) and human adenoviruses (r = 0.21, P < 0.05). Associations were the strongest between 
human enteric viruses and human-specific indicators in water samples. Among pathogens, 
FRNA GII correlated with concentrations of noroviruses (r = 0.50, P < 0.05), human 
adenoviruses (r = 0.43, P < 0.05) and astroviruses (r = 0.44, P < 0.05); and with all four 
indicators, somatic, male-specific, E. coli and enterococci (r = 0.36 to 0.40, P < 0.05). In 
contrast, FRNA GI was only weakly correlated with noroviruses, somatic coliphages, E. coli 
and enterococci (r = 0.19 to 0.30, P < 0.05). Specificity tests showed that human-specific 
coliphages (FRNA GII) were only present in domestic sewage and not in animal faeces, while 
animal-specific coliphages (FRNA GI) were detected in both. Therefore, the presence of 
FRNA GII coliphages in the catchment indicates anthropogenic sources of faecal pollution. 
The weak correlation between FRNA GI and most of the enteric viruses, or the lack thereof, 
supports the assumption of different faecal sources. However, similar to previous studies, the 
origin of FRNA GI in sewage and catchments cannot be ascertained. 
Linear regression models were derived based on bacterial and viral indicator 
concentrations. The models presented in this study were comparable to those derived in the 
United States and epidemiological studies conducted in Germany. The predicted equivalence 
of the guideline value 35 CFU/100 ml enterococci were 43 PFU/100ml somatic or 14 
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PFU/100ml male-specific coliphage, whereas in the United States, 39 PFU/100ml somatic or 
1 PFU/100ml male-specific coliphages were derived. Based on NOAELs, the suggested guide 
value of 100 E. coli in bathing sites in Germany was equivalent to 27 PFU/100ml somatic 
using our model, whereas actual NOAEL was 10 somatic, which is closer to the lower bound 
of the 95% CI range of the model equivalent to 11 somatic coliphages. 
The guideline value of 200 CFU/100ml enterococci, applied in Singapore, was 
equivalent to 86 PFU/100ml somatic or 23 PFU/100ml male-specific coliphages. Based on 
these guide values, coliphages were found to be better than enterococci in predicting the 
presence of enteric viruses in water samples. Enterococci had a sensitivity of 36% based on 
the guideline value of 200 CFU/100ml while somatic coliphages had a higher sensitivity of 
52% based on the proposed guideline value of 85 PFU/100ml and 50% based on 23 
PFU/100ml male-specific. 
Finally, the survival of coliphages in local tropical conditions was examined. An 
effective indicator should not be able to multiply in the environment, as this would influence 
their ability to associate their presence with faecal pollution, but at the same time exhibit 
some degree of resilience to environmental factors similar to pathogens. In this study, 
coliphages were enumerated in a mixture comprising surface water and raw sewage. As with 
earlier findings, somatic were more abundant than male-specific coliphages in the resulting 
mixture which is consistent with their occurrence in environmental waters. Overall, 
coliphages were removed in test waters within a few days under natural sunlight. Male-
specific coliphages were removed faster than somatic coliphages with T90 equivalent to 2.2 
and 3.7 days respectively. Therefore, their presence in the environment may indicate more 
recent contamination events from faecal sources. Moreover, the abundance of somatic 
coliphages in raw sewage and slower inactivation in environmental waters, relative to male-
specific coliphages, may partially explain their higher prevalence in receiving surface waters. 
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However, when somatic coliphage prototype strain, PhiX174, was compared to male-
specific coliphage prototype strain, MS2, PhiX174 showed greater sensitivity under sunlight 
conditions. Therefore, caution is needed when prototype strains are used to interpret the fate 
of coliphages in receiving waters as these may exhibit differential resistance from 
environmental strains. Among environmental factors examined in this study, sunlight had the 
greatest impact on the survival of coliphages under natural conditions, while water matrix and 
indigenous microbes had lesser effects.  
Therefore, based on their seasonal stability, associations with enteric viruses in water, 
predictive capacity, applications in microbial source tracking and limited survival in 
environmental waters, coliphages are attractive and viable alternative to traditional bacterial 
indicators. While the use of enteric viruses such as noroviruses as reference pathogens is also 
a feasible option, the use of coliphages is a simpler and less expensive approach. From these 
results, it is suggested that routine monitoring of coliphages could be used to monitor 
microbial water quality in surface waters, followed by monitoring of reference pathogens, 
such as noroviruses, when coliphage concentrations are higher than a particular threshold 
value. If however, clinical data indicate the outbreak of specific enteric viruses, then 
surveillance for those particular viruses should be implemented in surface water monitoring. 
In practice, it may be best to implement a multi-level monitoring approach whereby 
coliphages and other human-specific faecal indicators are collectively monitored in surface 
waters. 
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7.2 Limitations of the study 
Molecular detection of specific enteric viruses could be confirmed by cell culture 
methods to determine viral infectivity, although this was not done in the present study. This is 
an important limitation to take note of, as this affects QMRA. In particular, illness risks 
associated with human adenoviruses were derived based on viral occurrence measured by 
qPCR and subsequently converted to infective dose using a dose-harmonization factor. 
Therefore, illness risks associated with enteric viruses in water should be interpreted in light 
of the assumptions considered. 
While bacterial indicator guidelines reflect illness risks in recreational waters, 
coliphage guidelines proposed herein are not directly linked to illness risks as in 
epidemiological studies, since coliphage criteria were derived based on correlations with 
bacterial indicators. Correlations between coliphages and enteric viruses and their associated 
health risks provide an indirect link between coliphages and risks levels, as correlations 
between coliphages and viral pathogens themselves were not strong enough to build a reliable 
model. 
Statistical correlations are not causal and do not reflect ecological relationships that 
may or may not exist between viral pathogens, coliphages and indicator bacteria. Coliphages 
and enteric viruses may or may not originate from the same individual, but both are shed in 
faeces. Therefore, the occurrence of enteric viruses and coliphages in receiving waters 
signifies faecal contamination. Moreover, correlations may differ in areas where there are 
known sources of contamination, or outbreaks, which may affect their overall occurrence. 
Hence, it is important to establish their associations in different environments, albeit 
statistical, as the presence of one may be related to the likelihood of finding the other, which 
may have subsequent impacts on catchment management strategies. 
  241 
Finally, inactivation rates derived in this study reflect how indigenous species behave 
in tropical conditions in local receiving waters, which may not necessarily be similar 
elsewhere. Therefore, caution is needed in adapting the models developed in this study to 
other regions and water types.  
 
7.3 Future recommendations 
Enteric viruses continue to spread and cause outbreaks worldwide despite our best 
efforts to contain or prevent them. Viruses have the ability to evolve faster than their hosts 
making us more vulnerable to newer strains despite some people developing resistance or 
immunity to older or existing strains (Duggal and Emerman, 2012). While a fraction of our 
population is resistant to norovirus infections due to the absence of certain histo-blood group 
antigens (HBGAs) required for binding (Shirato-Horikoshi and Takeda, 2007), noroviruses, 
specifically, NoV GII.4 which is the dominant cluster, evolves every other year modifying 
their binding interactions with different HBGA types (Singh et al., 2015). In 2012, a new 
strain of norovirus emerged (NoV GII.4 Sydney) which spread rapidly causing pandemic 
gastroenteritis worldwide (White, 2014). Its evolution was driven by antigenic drift (genetic 
mutation in antigenic regions) and antigenic shift (RNA recombination). Dominant circulating 
norovirus strains are expected to change approximately every 3 years, with new variants able 
to re-infect hosts previously infected with earlier viruses (White, 2014). Recent examples 
would be the emergence of NoV GII.4 variants in Taiwan, which caused acute gastroenteritis 
with severe fever and a high rate of intestinal hemorrhage in children (Chen et al., 2015) and 
the emergence of NoV GII.17 variant in China during the winter season which caused 
gastroenteritis outbreaks in multiple cities (Lu et al., 2015). Therefore, it is important to 
continue to be vigilant about their presence in the environment. 
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Metagenomics plays an important role in viral discovery as a large number of viruses 
remain uncultivable. For instance, viral metagenomics was used to identify viruses in a range 
of clinical samples that exhibited cytopathogenic effects in cell culture but tested negative in 
standard PCR assays. The unexplained samples contained BK polyomavirus, herpes simplex 
virus, Newcastle disease virus and the recently discovered Saffold viruses (Svraka et al., 
2010). In diarrhea specimens, metagenomic analysis revealed the presence of known enteric 
viruses as well as novel viruses that may (or may not) have a causal role in human diarrhea 
(Finkbeiner et al., 2008). Novel sequences could provide insight into emerging pathogens and 
the development of vaccines to prevent the spread of disease. Metagenomic analysis of 
uncultured viral communities can further provide insight into the composition and structure of 
environmental viral communities (Edwards and Rohwer, 2005).  
Finally, while this thesis examined the inactivation of coliphages in the natural 
environment, it is recommended to further study the relationship between coliphage fate and 
that of human enteric viruses in the natural environment. For instance, a recent study 
demonstrated the susceptibility of HAdV-2 to UVC light, full-spectrum sunlight and UVA 
light in the presence of external sensitizers (Bosshard et al., 2013). In past studies, human 
adenoviruses were found to be relatively more resistant to UV radiation than MS2 coliphage 
(Meng and Gerba, 1996, Thurston-Enriquez et al., 2003). Therefore, it would be interesting to 
compare their behavior in the natural environment, further noting that Singapore is in the 
tropical region which receives a lot of sunlight year round, which may or may not result in 
significant differences in sunlight inactivation rates. It is also worthwhile to evaluate the use 
of a single host, E. coli host strain CB390, which can enumerate both male-specific and 
somatic coliphages in water samples. E. coli CB390 has been found to detect numbers similar 
to the sum of phages enumerated by ISO and USEPA methods (Guzmán et al., 2008). While 
the use of a single host seems to be more attractive in water treatment, where one is 
concerned about the totality of indicators rather than type i.e. an effective treatment should be 
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able to remove both male-specific and somatic coliphages, it also has practical applications in 
environmental surveillance as a straightforward indicator of faecal contamination. 
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S1. Standard curves for human enteric viruses, astroviruses (AstV), human adenoviruses 
(HAdV), noroviruses GI and GII (NoV GI and GII) and rotaviruses (RoV). The x-axis 















S2. Standard curves for FRNA coliphages (FRNA GI to GIV). The x-axis represents log 
concentration and the y-axis represents Ct values. 




S3. Monthly data (n=120). Concentration of human enteric viruses (GC/L), astroviruses (AstV), human adenoviruses (HAdV), noroviruses (NoV) and 
rotaviruses (RoV), coliphages (PFU/100ml), male-specific (F+), somatic (Som) and FRNA GI-GIV  (GC/L), and bacterial indicators (MPN/100ml), E. coli 
(EC) and enterococci (Ent).  
 
Location Month AstV HAdV NoV RoV FRNA GI FRNA GII FRNA GIII FRNA GIV F+ Som EC Ent 
A Dec '11 
  
29 
      
28 208 6 
A Jan '12 
  
15 
      
37 121 
 A Feb '12 50 
        
31 35.9 4 
A Mar '12 
         
6 410.6 22 
A Jul '12 
  
170 62 107 
   
136 1498 145.5 3.1 
A Aug '12 
  
12 48 
    
6 11 3.1 1 





   
1 5 19.1 2 
A Oct '12 51 97 110 56 
    
16 15 4.1 1 




2 10 235.9 22.8 
A Dec '12 1200 130 2650 150 1426 29405 
 
3859 20 32 387.3 36.9 






10 4 6.3 4.1 
A Feb '13 
    
417 
   
16 9 21.6 3.1 









 A May '13 
    
5784456 
   
1 1 7.2 11.4 
A Jun '13 
    
2091796 
   
10 2 12.1 7.1 
A Jul '13 
    
107 
     
36.4 2 








5 547.5 34.1 





     
5.2 2 





    
14 59.1 4.1 





   
15 7 69.1 4.1 
A Dec '13 
    
15967 
   
21 17 224.7 82.3 
A Jan '14 
 
1381 
      
1 1 19.5 127.8 




Location Month AstV HAdV NoV RoV FRNA GI FRNA GII FRNA GIII FRNA GIV F+ Som EC Ent 
A Feb '14 
 
1651 
       
1 6.3 11.3 
A Mar '14 
        
2 1 1 35.8 
B Dec '11 
         
62 2420 921 
B Jan '12 
   
16 
     
63 6294 236 
B Feb '12 17 
 
42 
      
68 48392 228 
B Mar '12 
  
30 
      
592 10452 24200 
B Jul '12 67 132 1800 33 107 127131 595 230 586 1015 48392 2613 




662 372 48392 3448 
B Sep '12 
 
140 225 52 107 6465 188 
 
811 125 410.6 31.3 




1000 747 8216 576 
B Nov '12 940 120 1640 760 285 34672 
 
2880 55 37 48392 2489 
B Dec '12 1100 122 1600 1200 164 4985 
 
3733 72 169 1218 2613 





   
55 106 3561.5 26234 






61 330 12773 3100.5 




22 54 9665.5 16478.5 
B May '13 90 
   
4111748 1229 
  
148 270 15038 1089 






160 300 2230 1486 
B Jul '13 
    
107 867 
  
45 100 10320 456 
B Aug '13 
  
155 23 3917 2927 
  
161 115 720 150 






107 83 930 70680 48392 






16 70 925 82 






17 80 2195 864 
B Dec '13 
    
42382 68601 
  
114 110 15380 2518 
B Jan '14 585 
    
462219 
  
30 40 100 12.6 
B Feb '14 










Location Month AstV HAdV NoV RoV FRNA GI FRNA GII FRNA GIII FRNA GIV F+ Som EC Ent 






7 13 7.5 13.5 
C Dec '11 
         
364 2420 167 
C Jan '12 
  
34 31 
     
177 24200 24200 
C Feb '12 16 
        
447 148 16 
C Mar '12 274 
        
22 1785 152 





   
136 1838 644 40.4 




17 79 1789 28.8 





   
1 11 4.1 16 
C Oct '12 46 
 
130 810 107 243 
  
11 79 10 17.5 
C Nov '12 40 13 168 1200 283 5623 
  
6 250 2755 17.3 




62 340 24190 648.8 






105 221 2000.15 140.1 





   
16 90 1422.3 68.4 
C Mar '13 
    
141 
   
11 27 98.5 28.7 
C May '13 15 
   
281120 
   
4 14 743.2 30.1 
C Jun '13 
  
10 22 47326 204 
  
16 102 169 140.1 
C Jul '13 
        
5 24 259 32.8 
C Aug '13 
  
81 10 4583 901 
  
78 470 10462 1299.7 
C Sep '13 
   
12 107 
   
18 528 6294 665.3 
C Oct '13 
    
277 398 
  
18 134 241 100.5 






44 419 8164 913.9 






104 280 14136 7270 






32 88 1086 54 






15 56 359 39.8 
C Mar '14 
     
12630 
  
4 5 41.8 83.3 




Location Month AstV HAdV NoV RoV FRNA GI FRNA GII FRNA GIII FRNA GIV F+ Som EC Ent 
D Dec '11 
  
26 
      
285 2420 124 
D Jan '12 
         
373 1401 14 
D Feb '12 17 
        
152 466 23 
D Mar '12 
  
591 
      
9 987 158 
D Jul '12 
  
98 35 107 
   
527 371 249 11.9 





    
3 6 355 10.8 
D Sep '12 
   
55 139 440 
  
17 41 13.4 12.2 
D Oct '12 
 
110 
   
258 
  
19 23 31 12.2 
D Nov '12 
    
1559 
   
4 50 480 71.7 




1061 27 283 2489 365.4 
D Jan '13 
    
1035 
   
17 36 303 47.1 
D Feb '13 
    
187 
   
20 22 407.2 8.6 
D Mar '13 
        
6 23 53.1 8.3 
D May '13 
    
390120 
   
2 17 668.3 36.9 
D Jun '13 
    
2766 
   
10 33 748 69.7 
D Jul '13 
    
107 
  
967 5 17 404 30.5 
D Aug '13 
  
202 89 3917 258 
  
207 905 9804 770.1 
D Sep '13 
   
60 100 
   
12 41 262 27.5 
D Oct '13 
    
967 263 
  
6 12 504 7.5 





   
14 69 160 61.3 






121 291 17329 8164 
D Jan '14 
     
23654 
  
36 54 269 37 
D Feb '14 
     
12236 
  
11 193 294 12.2 
D Mar '14 
        
4 12 14.8 20.6 
E Dec '11 
         
435 2420 1553 




Location Month AstV HAdV NoV RoV FRNA GI FRNA GII FRNA GIII FRNA GIV F+ Som EC Ent 
E Jan '12 
         
420 24200 1944 
E Feb '12 317 
 
468 
      
266 104 23 
E Mar '12 
   
17 
     
20 9208 79 
E Jul '12 
  
83 41 
    
216 737 7701 29.5 
E Aug '12 
 
92 45 61 107 181 394 
 
5 9 1396 12.2 
E Sep '12 
   
51 164 
    
3 8.5 32 
E Oct '12 
  
150 730 
    
34 4 148 28.2 
E Nov '12 
   
11 289 398 
  
60 860 24196 2419.6 
E Dec '12 62 
 
11 11 297 1252 
  
57 362 24190 579.4 





   
65 80 595.7 32.1 
E Feb '13 
    
516 
   
18 39 258 39.6 
E Mar '13 
    
140 
   
6 19 3068.5 18.85 
E May '13 45 
   
227502 
   
2 139 833 58.1 
E Jun '13 
    
2447416 
   
6 21 3873 277.8 
E Jul '13 
        
1 39 1483 223 




2961 146 107 
 
197 358 12033 1299.7 





   
4 8 467 223 





   
1 65 4786 136.4 






7 76 24196 261.3 
E Dec '13 318 
   
32035 102919 
  
78 240 19863 2924 
E Jan '14 831 274 
   
33097 
  
32 60 9208 65.5 
E Feb '14 
  
1357 
     
2 3 10 19.4 
E Mar '14 
        
3 6 65.6 27.5 
 
 




S4. Diel data (n=48). Concentration of human enteric viruses (GC/L), human adenoviruses (HAdV) and noroviruses (NoV), coliphages (PFU/100ml), male-
specific (F+), somatic (Som) and FRNA GI-GIV  (GC/L), and bacterial indicators (MPN/100ml), E. coli (EC) and enterococci (Ent).  
 
Location Time HAdV NoV FRNA GI FRNA GII F+ Som EC Ent 
E 1/7/14 11:00 2084 3218  61941 40 320 2098 1120 
E 1/7/14 15:00 900 2544 6159 45621 52 400 985 22 
E 1/7/14 19:00 833 4084  69536 36 140 465 54 
E 1/7/14 23:00 975 2396  25830 92 120 2224 60 
E 1/8/14 3:00 898 4466  27346 156 200 1842 1011 
E 1/8/14 7:00 661 475  23599 20 280 2723 1733 
E 1/8/14 11:00 643 2862  75150 14 94 14316 17 
E 1/8/14 15:00 1052 1454  28182 14 68 3441 5 
E 1/8/14 19:00 2398   15606 8 58 1133 70 
E 1/8/14 23:00 726   17136 50 56 1726 22 
E 1/9/14 3:00    22291 38 72 314 12 
E 1/9/14 7:00    11476 8 52 1160 60 
F 1/7/14 11:00  624 5993 28587 104 200 1127 281 
F 1/7/14 15:00  1350 8289 21459 88 320 863 30 
F 1/7/14 19:00 981 404 6461 24282 16 200 863 61 
F 1/7/14 23:00  2925 6076 10469 24 40 573 43 
F 1/8/14 3:00  2330 5912 14835 128 440 281 88 
F 1/8/14 7:00  2391 3592 12892 12 200 372 211 
F 1/8/14 11:00  670 3177 11278 32 62 226 11 
F 1/8/14 15:00  2438  10686 6 42 282 18 
F 1/8/14 19:00  1209  8977 18 32 41 139 
F 1/8/14 23:00   3253 9310 72 30 56 14 




Location Time HAdV NoV FRNA GI FRNA GII F+ Som EC Ent 
F 1/9/14 3:00 188  4408 14601 14 52 103 12 
F 1/9/14 7:00 1211 1479 3265 7871 4 38 443 125 
D 1/7/14 11:00 615 1048  19025 48 160 4106 727 
D 1/7/14 15:00 5398 381 7012 12721 36 240 1050 101 
D 1/7/14 19:00 794   9841 21 160 836 132 
D 1/7/14 23:00  743 4408 14648 76 160 717 87 
D 1/8/14 3:00 1006 1773 1649 22045 56 640 906 122 
D 1/8/14 7:00 209 1048 3519 22326 12 160 1046 1733 
D 1/8/14 11:00    11207 18 78 420 52 
D 1/8/14 15:00  1316  32347 8 60 591 50 
D 1/8/14 19:00   3070 26577 40 40 269 403 
D 1/8/14 23:00    18548 30 64 233 29 
D 1/9/14 3:00 535   19025 72 62 134 36 
D 1/9/14 7:00    9904 8 38 278 107 
C 1/7/14 11:00 2243 1249 8093 98694 44 480 15531 435 
C 1/7/14 15:00  1684 9967 68552 56 320 9804 106 
C 1/7/14 19:00 317 339 27373 29414 16 40 3654 2420 
C 1/7/14 23:00  3021 23637 30313 56 480 2310 263 
C 1/8/14 3:00 353 2551 6461 28093 80 240 1187 2420 
C 1/8/14 7:00 153 1919 13973 49696 36 40 1842 2420 
C 1/8/14 11:00 172 1844 15639 57770 2 172 1354 2420 
C 1/8/14 15:00 3848 1914 224111 38751 2 120 1334 126 
C 1/8/14 19:00 1704 3282 144784 77939 2 134 237 1733 
C 1/8/14 23:00 1448 665 14808 27130 64 84 689 109 
C 1/9/14 3:00 891 1016 27467 24985 30 106 128 62 




Location Time HAdV NoV FRNA GI FRNA GII F+ Som EC Ent 
C 1/9/14 7:00 2330 2293 171727 52614 2 74 19866 2420 
 




S5. Recovery Tests 
 









Reagent water mean percent recovery  9% - 130% 86% - 177% 
Matrix spike percent recovery  Detect - 120% 48% - 291% 




Results for male-specific coliphage 
 
A. Reagent Water 
 
  Count (PFU) Recovery Remarks 
Negative control 0   
A 82 103%  
B 79 99%  
C 86 108%  
D 93 116%  
Mean  106% Within acceptance criteria 
SD  8% Within acceptance criteria 
 
B. Matrix Spike 
 
  Count (PFU) Recovery Remarks 
Negative control 0   
A 108 135%  
B 94 118%  
C 56 70%  
D 89 111%  
Mean  108% Within acceptance criteria 
SD  28% Within acceptance criteria 
 
 





Results for somatic coliphage 
 
A. Reagent Water 
 
  Count (PFU) Recovery Remarks 
Negative control 0   
A 65 81%  
B 83 104%  
C 88 110%  
D 59 74%  
Mean  92% Within acceptance criteria 
SD  17% Within acceptance criteria 
 
B. Matrix Spike 
 
  Count (PFU) Recovery Remarks 
Negative control 0   
A 85 106%  
B 50 63%  
C 71 89%  
D 92 115%  
Mean  93% Within acceptance criteria 
SD  23% Within acceptance criteria 
 
 





2. Recovery efficiency of concentration methods 
 
 
A. Tangential flow filtration system 
 
 Initial no. of 
particles (PFU or 
GC) 
Recovered no. of 




Male-specific coliphage 2.70E+07 2.90E+06 11% 
Somatic coliphage 1.90E+08 1.50E+07 8% 
Adenovirus 2.60E+03 3.60E+02 14% 
 
 
B. Hollow fiber system 
 
 Initial no. of 
particles (PFU) 
Recovered no. of 
particles (PFU) 
Recovery efficiency 
Matrix Spike 1.04E+12 7.45E+11 72% 
 8.70E+11 7.30E+11 84% 
Reagent water 1.25E+12 1.20E+12 96% 
 1.69E+12 1.74E+12 103% 
 
 Initial no. of 
particles (PFU) 
Recovered no. of 
particles (PFU) 
Recovery efficiency 
Matrix Spike 2.89E+08 2.95E+08 102% 
 2.89E+08 2.75E+08 95% 
Reagent water 2.89E+08 2.79E+08 97% 
 2.89E+08 2.67E+08 92% 
 
 
 
